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CHAPTER 1 
Historical Background and Significance 
G-protein coupled receptors (GPCRs) are one of the largest class of receptors 
targeted for drug therapy as mutations in these genes have been implicated in several 
human diseases (Lappano and Maggiolini, 2011; Spiegel, 1996). GPCRs are activated 
by a variety of stimuli including light, neurotransmitters, odorants, biogenic amines, 
hormones, and undoubtedly many other unknown ligands. Receptor activation affects 
second messenger systems (Ca2+, cAMP, etc) (Kroeze et al., 2003) that help regulate 
many cellular processes including cell differentiation, cell proliferation, and cell 
migration. These processes are required for development of the organism and its 
physiological functions (Neves et al., 2002).  
The evolutionary success of the GPCR superfamily is reflected by its presence 
across many phyla and its abundance in mammals (Perez, 2005). Furthermore, there is 
a strong correlation between the repertoire of GPCRs and the increasing complexity of 
the organism (Strotmann et al., 2011). Whole genome duplications and extensive exon 
shuffling events gave rise to the increasing numbers of GPCRS through evolution. Are 
structure-function relationships evolutionarily conserved? GPCRs consist of seven 
transmembrane α helices arranged in a ring like structure. The helices are connected by 
intracellular and extracellular loops with a variable N terminus on the outside and C 
terminus on the inside (Baldwin, 1994a; Gudermann et al., 1997).  
One of the earliest GCPR-like proteins, bacteriorhodopsin was identified in 
prokaryotes (Taylor and Agarwal, 1993). Bacteriorhodopsin responds to light to promote 
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carbon fixation as a food source and for physical movement of the organism. In both 
Drosophila and vertebrates, the rhodopsin GPCR stimulated by light activates 
heterotrimeric G protein signaling pathways leading to an increase in calcium as a 
second messenger (Palczewski, 2006; Ranganathan et al., 1991). These findings 
suggest evolutionary conserved structure-function relationships between signal 
transduction proteins and their signaling mechanisms. Hence, simpler model organisms 
and their available tools can be utilized to study gene function and the findings applied 
to higher organisms.   
Sequence analysis of GPCRs in the human genome classifies these receptors 
into five main families, namely Glutamate (G), Rhodopsin (R), Adhesion (A), 
Frizzled/Taste2 (F), and Secretin (S) constituting the GRAFS classification system 
(Fredriksson et al., 2003). Drosophila GPCRs can be similarly classified using the 
GRAFS system as will be discussed in more detail below. This thesis will focus on 
members of the Secretin-like receptor family in the fruit fly.  
The Drosophila Secretin family member, calcitonin-like receptor Han, is 
expressed in several adult neuronal subtypes suggesting important roles in brain 
development and function of the nervous system (Hyun et al., 2005; Lear et al., 2005). 
Interestingly, in Drosophila, a lineage specific secretin-like subgroup of receptors, the 
Methuselah and Methuselah-like family remain uncharacterized (Brody and Cravchik, 
2000). Studies show that Methuselah controls synaptic efficacy at glutamatergic 
junctions in larval neuromuscular junctions (Song et al., 2002) and loss of methuselah 
increases lifespan and stress resistance in adults (Lin et al., 1998). No role has been 
determined in embryonic development to date. In addition, expression and genetic data 
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on the other 14 family members remain to be identified. Hence this thesis elucidates the 
expression patterns of these genes and begins a functional analysis of one of the 
receptors, Mthl 5 during development. These findings may be applicable to the roles of 
secretin receptors and their downstream signaling pathways in mammals.  
Mutations in proteins involved in the canonical GPCR pathway are involved in 
embryogenesis. Drosophila G-qα, G-iα, and G-oα are localized in pioneering axonal 
tracts, glial cells, and cardiac cells during embryonic development (Provost et al., 1988; 
Schmidt et al., 1989; Talluri et al., 1995). Increased G-qα activity genetically interacts 
with both Frazzled and Roundabout during patterning of the embryonic nervous system 
(Ratnaparkhi et al., 2002). Misregulation of G-oα specifically disrupts cell-cell adhesion 
during dorsal vessel formation in late stage Drosophila embryos (Guillen et al., 1991). 
Heterotrimeric G proteins activated by GPCRs dissociate into α and βγ subunits to 
amplify and transduce the external signal through the cell. The α subunit is the primary 
signal transducer and specifies which GPCR it interacts with (Gilman, 1987). G-protein 
activated states are reversed by RGS (regulator of G protein signaling) proteins.  
The Drosophila RGS protein, Loco, is specifically expressed in the nervous 
system and dorsal vessel (Granderath et al., 1999; Schwabe et al., 2005). Loss-of 
function mutations in Loco genetically interact with Gαi/Gαo in surface glia for blood 
brain barrier formation (Bainton et al., 2005; Schwabe et al., 2005) and may work 
similarly to maintain cell-cell adhesion in the dorsal vessel. RGS proteins play an 
important role in inactivating G protein activity and thus regulating the duration of signal 
transduction (De Vries et al., 2000). Microarray spot analysis and reverse transcriptase 
PCR (RT-PCR) in our lab confirmed the expression of the non-visual arrestin, Kurtz 
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during important stages of central nervous system development. Both loss- and gain-of 
function mutations in krz interact with the repulsive signaling system, Roundabout/Slit at 
the Drosophila CNS midline to misregulate axon guidance decisions. Arrestins, along 
with their partners G protein receptor kinases (GPRK) mediate GPCR endocytosis to 
regulate the duration of cell surface signaling by its cognate ligand (Lefkowitz, 1993; 
Moore et al., 2007). These results further dictate a potential role for GPCRs during 
embryonic development, specifically in the nervous system and the heart.  
The main goal of my thesis is a systematic analysis of the embryonic expression 
patterns of both Methuselah, and its Methuselah-like relatives. While searching for a 
receptor involved in nerve cord development we have shown a widespread expression 
in several tissues, and at least for Methuselah-like5 an active role in heart development.  
 
G protein-coupled receptors and evolution 
Functional 7TM signaling dates back to primitive single-celled prokaryotes. The 
prokaryote 7TM receptor is functionally homologous to the vertebrate rhodopsin GPCR 
responding to the presence of light. Since its appearance, the GPCR family expanded 
by a number of evolutionary mechanisms. Expansion of this family strongly correlates 
with organism diversity and cellular complexity (Figure 1.1) (Perez, 2005).  
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Comparisons between bacteriorhodopsin and eukaryotic GPCRs reveal 
structural homologies despite low-level sequence similarities (Soppa, 1994; Taylor and 
Agarwal, 1993). Halo- and bacteriorhodopsins in prokaryotes respond to light and 
undergo a conformational change in retinal. This process enables the cell to harvest 
light energy to fix carbon via ion pumps in the cell membrane (Oesterhelt, 1998). 
Bacterial and archael sensory rhodopsins similarly promote phototaxis in response to 
the visible spectrum of light (Spudich and Luecke, 2002).  In both Drosophila and 
humans, the light sensitive rhodopsin GPCR undergoes photoisomerization upon 
Figure 1.1. The repertoire of G protein-coupled receptors (GPCRs) in different 
species. A phylogenetic tree showing increasing numbers of GPCRs with the 
evolution of more complex organisms from bottom to top. Printed with permission 
from Aspect: Molecular Pharmacology (Dianne M. Perez), copyright (2005).  
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stimulation by light (Ranganathan et al., 1991).  The signal is transduced to the visual 
cortex via electrical impulses generated by ion channels. Hence, despite sequence 
differences, the overall functional aspects of GPCRs seem to be well conserved from 
prokaryotes to eukaryotes implying structural conservation too.  
Hydropathy analyses reveal the presence of seven hydrophobic helical domains 
(Taylor and Agarwal, 1993) signature of GPCRs. Thus functional similarities are inferred 
from similarities in the three-dimensional protein structure and arrangement in the cell. 
Nevertheless, the bacteriorhodopsin displays low sequence similarities with the 
vertebrate rhodopsin GPCR marking divergence over 1.5 billion years (Taylor and 
Agarwal, 1993).  The common ancestor of bacteriorhodopsin and GPCRs is likely a 
protein containing only three or four helices that are duplicated (Soppa, 1994; Taylor 
and Agarwal, 1993).  Following duplication, fusion of the duplicates gives rise to a gene 
product of seven α helices (Poolman et al., 2007; Soppa, 1994). Duplication of entire 
genes within genomes promotes speciation.  
The Drosophila Odysseus (OdsH) gene has diverged through duplications across 
several Drosophila species (Clark et al., 2007; Ting et al., 2004).  On the other hand, its 
closest paralog, uncoordinated-4 (unc-4) is nearly identical across species (Ting et al., 
2004).  Duplications of individual genes through speciation are the source of material for 
the origin of new functions and expression patterns. While the ancestral gene unc4 is 
expressed in neurons, the OdsH gene is restricted predominantly to the male 
reproductive system. Furthermore, OdsH expression is variable across four Drosophila 
species whereby Drosophila melanogaster and Drosophila yakuba have highest 
expression in the testis and not the accessory gland. In Drosophila simulans and 
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Drosophila mauritania, OdsH is expressed in both tissues albeit at different levels (Ting 
et al., 2004). Interestingly, the Mthl family of duplicated genes expanded with Drosophila 
speciation. While the Mthl immediate paralogs (secretin and adhesion receptors) have 
functional homologs in vertebrates, the Mthl genes are specific to the insect lineage 
(Chapter 2). As with OdsH, major duplication of Mthl genes occurred with Drosophila 
speciation. These duplications have introduced new expression patterns in Drosophila 
melanogaster embryos (chapter 2) implicating the evolution of novel gene functions.  
While gene duplications originated in simpler prokaryotic genomes, exon 
shuffling and alternative splicing evolved with the more complex genomes of 
eukaryotes. Eukaryotic genes are composed of alternate exon and intron regions. The 
exonic sequences on either end of the open reading frame region represent the 
untranslated (UTR) regions (Figure 1.2) (Drysdale, 2008). Exons contain the coding 
sequences for a given gene while introns are non-coding genomic regions.  
 
 
 
 
 
	  
 Figure 1.2. Example of the genomic organization of a gene. A schematic of a 
single gene showing the location of coding and non-coding exons along with introns. 
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Interestingly, recombination between intronic sequences plays a major role in 
exon shuffling events that exchange coded protein modules between genes leading to 
protein diversity, which is indispensable for multicellularity (Fedorova and Fedorov, 
2003; Patthy, 1999).  Introns further play an important role in alternative splicing of 
exons within a gene. Alternative splicing events utilize different combinations of exons 
within a gene region to produce diverse transcripts (Boue et al., 2003). Different 
transcripts are expressed at precise time points and in specific tissue types and 
therefore may evolve new functions. In eukaryotes, most 7TM receptors consist of 
multiple introns allowing alternative splicing. This produces different receptor mRNAs 
coding for specific receptor forms (Kilpatrick et al., 1999). Alternatively spliced products 
have different tissue distributions and thus alternate signaling mechanisms that are cell 
type specific (Minneman, 2001). GPCR variants differ mainly in their C terminus, N 
terminus or intracellular loop regions thus potentially activating different signaling 
cascades inside the cell (Kilpatrick et al., 1999; Minneman, 2001), and thus affecting 
signaling efficiency and specificity.  
 
Structure and classification of G protein-coupled receptors 
GPCRs consist of seven hydrophobic transmembrane domains connected by 
several intracellular and extracellular loops. The N terminus is on the outside and the C 
terminus is inside the cell (Figure 1.3) (Baldwin, 1994a; Strader et al., 1994). The 
primary sequence identity in the transmembrane domains range from 20-95% across 
different family members (Strader et al., 1994). Major variations among splice variants 
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and family members occur in the C terminus, N terminus and putative cytoplasmic loops 
leading to different ligand binding profiles, signal transduction and termination 
mechanisms (Gudermann et al., 1997; Strader et al., 1994).  
 
 
Sequence based phylogenetic analyses classify human GPCRs into five groups 
using the GRAFS system; namely, Glutamate (G), Rhodopsin (R), Adhesion (A), 
Frizzled (F) and Secretin (S) (Fredriksson et al., 2003). Drosophila GPCRs are 
classified into four families, rhodopsin-like (A), secretin-like (B), metabotropic glutamate-
Figure 1.3 Picture showing the structure of a typical G protein-coupled 
receptor (Modified from (Alberts, 2002). A schematic representation of GPCRs 
showing the location of the seven transmembrane domains (blue) in the membrane 
of a cell with alternating intracellular (brown) and extracellular (green) loops 
connecting the domains. Also shown is the variable N terminus (outside the cell, red) 
and C terminus (inside the cell, purple). Note all parts are not drawn to scale and the 
receptors are normally arranged in a ring-like structure instead of in a linear fashion 
as depicted in the diagram. 
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like (C) and atypical 7TM proteins (D) (Brody and Cravchik, 2000). The Drosophila 
classification system does not allow us to easily distinguish between secretin-like, 
adhesion-like, and frizzled-like receptors. Thus, to aid in comparison to human GPCRs, 
I have re-classified Drosophila GPCRs using the GRAFS system. This better illustrates 
how we can utilize the genetics and available tools in Drosophila to characterize these 
proteins and apply it to human counterparts.  
 
Metabotropic-Glutamate receptor family 
Both, Drosophila metabotropic glutamate receptors, DmGluRA, and group II 
mammalian mGluRs are specifically activated by glutamate. The vertebrate 
metabotropic glutamate receptors are characterized by a large extracellular N terminal 
domain, commonly known as the Venus Flytrap Domain (VFD), containing a glutamate 
binding site (Pin et al., 2003). The VFD is a globular structure made up of two lobes that 
dimerize back to back and undergo large conformational changes with ligand binding 
(Jingami et al., 2003).  The external stimulus is propagated to the C terminus through 
nine cysteine residues connected by disulfide bonds in the N terminus. In contrast (Muto 
et al., 2007) to their vertebrate counterparts, Drosophila metabotropic glutamate 
receptors consist of a long N terminus with ~17 cysteine residues capable of forming 
disulfide bonds upon ligand binding (Brody and Cravchik, 2000). The C terminus is 
important in transducing the signal into the cell via G protein coupling (Strader et al., 
1994).  
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DmGluRA activates G-iα and possibly G-oα in vertebrate cell lines to inhibit 
adenylyl cyclase and potentially regulate K+ and Ca2+ channels similar to their 
mammalian counterparts (Parmentier et al., 1996). DmGluRA may play important 
developmental and physiological roles supported by strong and continued brain 
expression from mid to late embryogenesis and into adulthood (Parmentier et al., 1996; 
Ramaekers et al., 2001). The DmGluRA is specifically expressed only in the presynaptic 
zones of the larval neuromuscular junction. Interestingly, loss-of function mutations 
have decreased number of synaptic boutons but do not alter the frequency of firing 
(Bogdanik et al., 2004).  This study implies the Drosophila GluRA plays an important 
role in the architecture and not the function of the mature synapse. On the other hand, 
Mammalian group II mGluRs are expressed in the brain both on pre- and postsynaptic 
parts of glutamatergic or GABAergic synapses and play an active role in synaptic 
plasticity (Niswender and Conn, 2010). While the DmGluRA is the major neuromuscular 
junction receptor, several other Drosophila receptors reveal strong sequence and 
structural similarities to vertebrate receptors (Table 1.1) suggesting these may play a 
role in synaptic function (Brody and Cravchik, 2000).  
HUMAN DROSOPHILA 
Metabotropic-Glutamate receptor Metabotropic-Glutamate Receptor 
GABA receptor GABA receptor 
Calcium sensing receptor Calcium sensing receptor 
Pheromone receptor  
Taste Receptor  
 
Table 1.1. The Metabotropic-Glutamate family of receptors in Humans and 
Drosophila. The table lists the known receptors in this family from humans (left) and 
their potential homologs in Drosophila (right).  	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Rhodopsin receptor family 
The well-known visual rhodopsin contains structural and functional properties 
conserved from flies to humans. Both in human and Drosophila vision, rhodopsin in the 
photoreceptors responds to the presence of light. In both systems, light energy is 
converted to a change in the ionic permeability of the photoreceptor membrane through 
opening (Drosophila) or closing (human) of cation channels (Palczewski, 2006; 
Ranganathan et al., 1991). Despite exon shuffling and gene duplication events, 
Rhodopsin GPCR families have maintained certain structural and functional 
characteristics from invertebrates to vertebrates. This large diverse family is 
characterized by the presence of a protein motif (N-S-X-X-N-P-X-X-Y) in TM7 and a (D-
E-R-Y-F) amino acid motif at the border of TM3 and intracellular loop 2 (Schioth and 
Fredriksson, 2005). Several family members that do not contain these motifs possess 
other conserved structural features instead. Rhodopsin family receptors have a 
distinctly short N terminus thus ligand binding occurs in a cavity between the 
transmembranes and is not exclusive to the N termini, albeit with a few exceptions 
(Ballesteros et al., 2001; Palczewski, 2006). The rhodopsin family of receptors is by far 
the largest group of GPCRs activated by a variety of ligands. Thus, this group has been 
divided into 13 subgroups with several of these represented in invertebrates (Table 1.2) 
(Fredriksson et al., 2003). 
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HUMAN DROSOPHILA 
Prostaglandin  receptor  
Amine receptor Biogenic Amine receptor 
Melatonin receptor  
MECA receptor  
Opsin receptor Opsin-like receptor 
Peptide receptor Peptide receptor 
SOG cluster receptor  
MCH cluster receptor  
Chemokine receptor  
MAS related receptor  
Glycoprotein receptor  
Purine receptor Purine receptor 
Olfactory receptor  
 
 
 
 
 
 
Orphan receptor 
  
 
Several rhodopsin receptors play important roles in development through 
activation by biogenic amines as ligands. Biogenic amines and related compounds are 
ligands activating receptors for neurotransmitters and neuromodulators that are 
evolutionarily conserved (Brody and Cravchik, 2000). Biogenic amines are synthesized 
from the single amino acids tyrosine, tryptophan and histidine and are found in both 
vertebrates and invertebrates (Blenau and Baumann, 2001). Both phylogenetic groups 
consist of dopamine, serotonin, and histamine whereas the invertebrates utilize 
Table 1.2. The Rhodopsin family of receptors in Human and Drosophila. The 
table lists the groups of known human receptors (left) and their counterparts where 
present in Drosophila (right). 	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tyramine and octopamine instead of epinephrine and norepinephrine found in 
vertebrates (Blenau and Baumann, 2001). In the central nervous system (CNS), 
biogenic amines control various functions, including cardiovascular homeostasis, 
cardiac rhythms, emotional states, endocrine secretion, sexual behavior, and 
thermoregulation.  As neurontransmitters they play an important role in brain activity 
including learning and memory (Blenau and Baumann, 2001). The rhodopsin family of 
receptors has expanded through evolution with increasing representations of the 
various subgroups in higher order organisms. Despite these evolutionary forces, 
rhodopsin family receptors across different species generally lead to neurotransmitter 
release while some members such as the serotonin receptor also play an active role 
during embryonic development (Brody and Cravchik, 2000).  
Serotonin receptors are part of a rhodopsin family subgroup that commonly 
respond to biogenic amines as ligands (Blenau and Baumann, 2001). The Drosophila 
serotonin receptor is expressed in mid-stage embryos undergoing morphogenetic 
gastrulation movements and the peak of serotonin expression coincides with germband 
extension (Colas et al., 1995; Colas et al., 1999). Morphogenetic movements during 
gastrulation and germband formation play important roles in formation of the ventral 
nerve cord that is a product of ventral midline closure (Campos-Ortega and Hartenstein, 
1997; Colas et al., 1999). Loss- and cell type specific gain-of function mutations in 
Drosophila serotonin receptor trigger defects in the closure of the ventral midline (Colas 
et al., 1999). Interestingly, serotonin receptor antagonists in mice induce defects in 
neural tube closure (Choi et al., 1998). Both in vertebrates and invertebrates a second 
peak of serotonin expression is detected in the adults with highest levels in the brain 
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suggesting important physiological roles for serotonin during adult stages (Nichols, 
2007; Zhang et al., 2011).  
Adhesion, Frizzled and Secretin receptor families 
Systematic phylogenetic analyses comparing Drosophila and human adhesion, 
frizzled and secretin GPCRs suggest partial clustering of these receptors. These 
receptors have similar protein structure, expression patterns, ligand preference and/or 
cellular function (Brody and Cravchik, 2000; Harmar, 2001a; Nordstrom et al., 2009). 
Drosophila GPCRs have been grouped using an unconventional A-D and known A-F 
system (Table 1.3A).  
Brody and Cravchik (2000)  Harmar (2001)  
B. Secretin-like  B1. Hormone receptors 
Calcitonin-like receptor Calcitonin-like receptor 
Diuretic hormone receptor Diuretic hormone receptor 
HE6-like receptor B2. LNB-TM7  
Latrophilin-like receptor HE6-like receptor 
Mth –like receptors Latrophilin-like receptor 
D. Atypical Flamingo 
Frizzled-like B3. Methuselah-like 
Flamingo Methuselah family of receptors 
Smoothened Frizzled/Smoothened family 
 Frizzled-like receptors 
 Smoothened-like receptors 
 
Table 1.3A. Classification of Drosophila secretin-like and atypical/adhesion-like 
receptors. The table lists all family B/D GPCRs in Drosophila classified using the A-D 
(left) and A-F (right) systems. 	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But here I have re-classified these receptors using the GRAFS system (Table 
1.3B) to help see similarities to vertebrate receptors, which may help relate possible 
functional roles. 
Adhesion family   
HUMAN DROSOPHILA 
EGF-LAG  
Brain specific angiogenesis 
inhibitory  
 
Lectomedin receptor  
EGF-like module receptor Flamingo (Atypical) 
CD 97 antigen receptor  
EGF-TMVII latrophilin receptor Latrophilin-like receptor 
Other HE6 receptor 
Frizzled family  
HUMAN DROSOPHILA 
Frizzled Frizzled-like (Atypical) 
TAS2 (Taste)  
Secretin family  
HUMAN DROSOPHILA 
Corticotropin releasing hormone  
Calcitonin receptor Calcitonin receptor-like 
Parathyroid hormone receptor  
Glucagon-like receptor  
Peptide/glucagon/gastric inhibitory Diuretic hormone receptor-like 
Secretin  
others Methuselah-like 
 
Table 1.3B. Re-classfication of Drosophila family B/D receptors with Human 
homologs. The table lists all Drosophila family B/D GPCRs from Table 1.3A, re-
grouped using the GRAFS system (right) alongside their potential human homologs 
(left).  	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Adhesion receptors are expressed in a wide range of tissues with specific cell 
type patterns (Yona et al., 2008). Adhesion receptors were initially identified in the 
immune system where they regulate leukocyte development and activation 
(Kwakkenbos et al., 2005; Yona et al., 2008). Northern blots, RT-PCR and in situ 
hybridization analyses in mouse and rat identify differential expression patterns of 
adhesion receptors in the various parts of the brain. Specific expression of cadherin 
EGF-LAG Seven G-type Receptors (CELSR), which are mammalian adhesion receptors 
in the developing brain suggest important roles in central and peripheral nervous 
system development (Bjarnadottir et al., 2007b). The presence of specific adhesive 
domains in the N termini of CELSRs, which have the potential to interact with adjacent 
cells and the extracellular matrix suggest possible roles during neuronal growth and 
plasticity (Tissir et al., 2005; Zhou et al., 2007).  The three mammalian CELSR genes 
(1-3) are sequentially expressed in the spinal cord (Formstone and Little, 2001). Genetic 
analyses in mice suggest roles in planar cell polarity, dendritic fields, and axonal tracts 
respectively (Bjarnadottir et al., 2007b). Interestingly, the single Drosophila CELSR 
homologue, Flamingo, also plays a role in these three processes. 
Flamingo promotes axon advancement from intermediate choice points toward 
final target cells for synapse formation (Steinel and Whitington, 2009). Loss-of-function 
mutations in Flamingo result in the formation of excessive synapses incapable of 
synaptic transmission (Bao et al., 2007). Although neuromuscular junctions form 
normally during early larval development in Drosophila, many axons undergo 
degeneration by late third instar larvae. Thus once flamingo allows target cell 
recognition and synapse formation, other signaling mechanisms may be responsible for 
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promoting synapse maturation (Ranscht, 2000; Steinel and Whitington, 2009).  This 
process is essential for cell-cell communication to maintain the synapses and prevent 
degeneration.  
Drosophila Wingless (Wg) and Frizzled2 (DFz2) are specifically expressed in 
both pre- and postsynaptic cells during larval stages (Packard et al., 2002). Loss-of 
function mutations in Wg prevent active zone formation in presynaptic cells (Packard et 
al., 2002). Active zones are regions in the presynaptic membrane associated with 
neurotransmitter vesicle docking waiting for an electrical impulse. Wg signaling through 
its receptor Fz2 may be required for presynaptic and postsynaptic differentiation to 
prepare these cells for electrical signal transmission. In the postsynaptic cell, Wg 
binding promotes DFz2 cleavage intracellularly (Huang and Klein, 2004; Mathew et al., 
2005). The cleaved product is transported to the nucleus to modulate gene expression 
profiles required for synapse maturation and signal transmission (Mathew et al., 2005). 
Convergent signaling between CELSR (Flamingo) and frizzled is also evident in 
mammals. Both celsr3 and frizzled mutant mice die shortly after birth.  In addition, these 
mice are missing several commissural and longitudinal axonal tracts ultimately leading 
to death (Tissir et al., 2005).  
Similar to the atypical GPCR Frizzled, most adhesion receptors also consist of a 
GPCR proteolytic domain (GPS) in the N termini connecting it to the transmembrane 
(Bjarnadottir et al., 2007b; Yona et al., 2008). The GPS is a cysteine-rich domain that 
undergoes self-catalysis to promote efficient trafficking and functioning of the receptor 
(Lin et al., 2010). Frizzled receptors are considered descendents of the adhesion family 
suggesting evolutionary conserved GPCR and GPS motifs between these two families 
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(Barnes et al., 1998; Schulte and Bryja, 2007; Yona et al., 2008). Both receptor families 
contain a large N terminus as well. Frizzled receptors posses a cysteine rich domain 
(CRD) in the N terminus proposed to play a role in ligand binding to proteins of the Wnt 
family (Huang and Klein, 2004). Both Frizzled and adhesion receptors contain 
extracellular glycosylation sites that also play a role in receptor maturation and cell 
surface expression (Bjarnadottir et al., 2007b; Huang and Klein, 2004). Absence of the 
GPS cleavage in adhesion receptors leading to defective trafficking and function has 
been linked to several hereditary human diseases (Yona et al., 2008).  
The adhesion family in mammals is a diverse family of receptors, each containing 
different extracellular functional domains (Bjarnadottir et al., 2007a).  These motifs lead 
to a variety of expression profiles and functional roles. The Human Endothelial (HE6) 
receptor is specifically expressed in the male testes epididymis tissue (Kirchhoff et al., 
2008). Knockout male mice for HE6 are infertile and have excessive fluid backup in the 
testis suggesting a role for the HE6 receptor in fluid reabsorption (Davies et al., 2007; 
Kirchhoff et al., 2008).  A structurally different clan of adhesion receptors, the 
Lectomedins, includes LEC1, LEC2, LEC3 receptors that have neuronal roles in 
development. LEC2 is ubiquitously expressed at low levels in the brain and peripheral 
tissues while LEC3 is abundantly expressed in the peripheral nervous system 
(Bjarnadottir et al., 2007b). LEC1, expressed in the brain plays a role in synaptic cell- 
adhesion and synaptic vesicle exocytosis. LEC1 is a latrophilin-like receptor that binds 
to α-latrotoxin and stimulates exocytosis at synaptic clefts (Sudhof, 2001).  On the other 
hand, both LEC2 and LEC3 do not function as a α-latrotoxin receptor suggesting they 
may play other non-endocytic roles in the brain (Matsushita et al., 1999a).  
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Latrophilin receptors, also known as Calcium-Independent receptor for α-
latrotoxin (CIRL), play important roles in neuronal exocytosis in other systems.  Rats 
contain three alternatively spliced forms (LPH1 – 3) of the latrophilin receptor each with 
differential expression patterns (Matsushita et al., 1999a).  Unlike LPH2, both LPH1 and 
3 have a highly conserved N terminus with enhanced expression in the brain whereas 
LPH2 is ubiquitously expressed (Matsushita et al., 1999a). The Drosophila CIRL 
receptor also consists of alternatively spliced forms whose spatial expression patterns 
remain unknown. Interestingly, rat LPH1 but not LPH 2 or LPH 3 interacts and signals 
downstream of α-latrotoxin to activate intracellular G-oα protein pathways (Lelianova et 
al., 1997b; Matsushita et al., 1999a). These results implicate roles for G proteins in 
synaptic vesicle exocytosis but the actual second messengers involved remain 
unknown.  
C. elegans has two latrophilin-like (lat-1, lat-2) receptors that are homologous to 
the vertebrate latrophilin receptors. While lat-1 is specifically expressed early during 
oogenesis and in the blastomere with wider expression later, lat-2 only partially overlaps 
with lat-1 in the later stages (Langenhan et al., 2009). Interestingly, both maternal and 
zygotic expression of lat-1 is essential for normal development (Langenhan et al., 
2009). Lat-1 is required for early embryonic anterior-posterior tissue polarity reminiscent 
of its structural relatives Flamingo and CELSR in Drosophila and mouse respectively 
(Formstone and Little, 2001; Usui et al., 1999). While spatial expression patterns of 
Drosophila latrophilin remain elusive, RNAseq data suggests strong expression 
throughout embryogenesis (Daines et al., 2011). Whether the C. elegans lat-1 and/or 
lat-2 receptors function through α-latrotoxin remains to be determined.  
	   	   	   	  
	  
21	  
Furthermore, chicken type II CIRL predominantly expressed in the brain is 
activated by α-latrotoxin (Krasnoperov et al., 1997). Structural analyses of these 
receptors reveal the presence of a long N terminus plus seven transmembrane domains 
homologous to secretin receptors (Krasnoperov et al., 1997; Lelianova et al., 1997b).  
Functional studies in cell culture reveal direct interaction of chicken CIRL with synaptic 
docking-fusion machinery suggesting its role in neurosecretion as is also observed in 
rats (Krasnoperov et al., 1997; Lelianova et al., 1997b). Finally, the chicken latrophilin-2 
receptor that is absent from neuronal tissues but expressed at high levels in the 
embryonic heart functions in an α-latrotoxin independent manner (Doyle et al., 2006). 
These data are consistent with other non-neuronal latrophilin receptors that cannot bind 
α-latrotoxin.  
Interestingly, chicken latrophilin-2 modulates intracellular calcium levels in a G 
protein dependent mechanism to promote epithelia-mesenchymal cell transition in a 
subset of migratory heart cells (Doyle et al., 2006). Invariantly, epithelial-mesenchymal 
cell transitions in the Drosophila embryonic mesoderm also generate populations of 
migratory mesenchyme cells (Tao and Schulz, 2007). Interestingly, we have identified a 
GPCR, Mth-l5 that is expressed in the early mesoderm and later confined to migratory 
heart cells (Thesis chapter 3).  Mth-l5 belongs to the Mth family of receptors closely 
related to the secretin-like receptors (Brody and Cravchik, 2000).  In addition, both Mthl-
5 and Mth are related to the latrophilin receptor (Song et al., 2002).  
Detailed phylogenetic analyses of adhesion and secretin receptors across 
different organisms suggest that the secretin receptors descended from the adhesion 
receptors (Nordstrom et al., 2009). Secretin receptors are identified by the presence of 
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a long N terminal domain with at least six conserved cysteine residues implicated in 
ligand binding (Cardoso et al., 2005). Secretin receptors are activated by hormones and 
neuropeptides to modulate key metabolic and developmental functions (Cardoso et al., 
2010a).  Human secretin receptors play important roles, especially in digestive functions 
(Ulrich et al., 1998). The first identified hormone, secretin is in fact secreted and 
released upon food intake and acts in the pancreas. High expression levels of the 
secretin receptor in normal human pancreas suggest important physiological roles of 
this receptor (Korner et al., 2005).  Conversely low levels of receptor expression are 
implicated in several ductal carcinomas (Korner et al., 2005).  
Drosophila possesses several secretin-like receptors based on structural and 
possibly functional similarities to their vertebrate counterparts. These include the 
calcitonin-like, diuretic hormone-like, and Mth-l family of GPCRs (Brody and Cravchik, 
2000). Despite their conserved N terminal regions, several of these receptors do not 
bind secretin but instead bind to pigment dispersing factor (PDF) as a ligand both in flies 
and worms (Hyun et al., 2005; Janssen et al., 2008). The Drosophila calcitonin-like 
receptor Han, is preferentially expressed in a subset of adult neurons that secrete the 
PDF ligand (Hyun et al., 2005). PDF-Han signaling regulates several clock genes to 
control circadian rhythms and locomoter activity in adult flies (Hyun et al., 2005).  
An unusual subset of the secretin family, the Mth family, is a diverse and lineage 
specific family of receptors present mostly in Drosophila. Mth and several other 
annotated members share more structural and sequence similarities to the secretin-like 
receptors than other families of GPCRs (Brody and Cravchik, 2000).  Phylogenetic 
analyses show the presence of a Methuselah-like subgroup consisting of receptors that 
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share sequence similarities to selected adhesion and/ or secretin-like receptors (Thesis 
chapter 2; Harmar, 2001b).  
Mth was first identified in a screen for mutants affects aging in Drosophila.  A P 
element inserted within intron 2 of Mth significantly reduces gene expression levels and 
increases lifespan by about 35% compared to wild type flies (Lin et al., 1998).  These 
flies are resistant to oxidative stress and starvation thus leading to increased lifespan 
(Lin et al., 1998). Interestingly Mth shares sequence similarities with the Ca2+-
independent receptor for α-latrotoxin (CIRL) (Song et al., 2002), an adhesion family 
receptor. Furthermore, both receptors regulate neurotransmitter exocytosis at the 
presynaptic terminal using calcium as a second messenger (Bittner et al., 1998; Song et 
al., 2002).  
Whether the aging and synaptic vesicle exocytosis functions of Mth during 
different developmental phases are inter-dependent remains questionable given its 
promiscuity for potential ligands (Cvejic et al., 2004; Ja et al., 2009; Ja et al., 2007). A 
cell based reporter system established in HEK293 cells identified stunted (SunA, SunB) 
as potential ligands for Mth (Cvejic et al., 2004). These proteins effectively bind to the 
Mth ectodomain and induce calcium responses (Cvejic et al., 2004). Additionally 
heterozygous mutations in stunted also increase lifespan similar to that seen in mth 
heterozygotes (Cvejic et al., 2004). Stunted however is homologous to the epsilon 
subunit of ATP synthase, a mitochondrial protein that regulates cellular ATP 
concentrations (Kidd et al., 2005).  Although ATP levels are not affected in these 
lifespan analysis adults, the levels are markedly reduced in early embryogenesis where 
stunted plays a role during cellularization (Kidd et al., 2005). An additional study utilized 
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mRNA display to identify Mth ligands in vitro. This analysis found two additional 
peptides that effectively bound the Mth ectodomain while mutants extended life span 
(Ja et al., 2007; McGarrigle and Huang, 2007).  
Are these ligands specific for Mth or could they bind other Mth-l receptors? Mth-l 
1, 2, 3, 5, 8 and 9 failed to interact with stunted in cell based assays suggesting a level 
of ligand specificity for Mth (Kidd et al., 2005).  All fourteen of the Mth-l receptors 
differentially share various regions found within Mth, (ectodomain and/or 7TM) (per. 
Comm. Jones) suggesting the presence of diverse signaling mechanisms from ligand to 
effector within this family. Thus there is a need to understand the evolutionary history of 
this large family of GPCRs in Drosophila melanogaster. Thus a part of this thesis 
focuses on understanding the evolutionary divergence of this family across several 
insect species and their expression patterns in the developing Drosophila embryo. A 
parallel study has characterized the expression patterns of these receptors in third in 
star larval brain and imaginal discs (D. Hallal).  
 
G proteins in development 
G-protein Coupled receptors were named because of their ability to activate 
intracellular G proteins. These proteins serve as important intermediate points in the 
GPCR pathway and activate a multitude of signaling events within the cell (Gilman, 
1987; Nurnberg et al., 1995).  Interestingly, there is no correlation between the number 
of GPCRs, G protein subunits, or organism complexity (Table 1.4).  
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Organism Gα Gβ Gγ  Possible # αβγ  
combinations 
GPCRs 
Drosophila 
melanogaster  
(fruit fly) 
6 2 2 24 210 
Caenorhabditis 
elegans  
(worm)  
20 2 2 80 1149 
Mus musculus 
 (mouse) 
20 5 12 1200 1318 
Homo sapiens  
(humans) 
20 5 12 1200 865 
 
 
Humans, being the most complex, have fewer GPCRs than both the worm and 
mouse and as many G protein subunits as mice (Table 1.4).  How then does the human 
body regulate a greater diversity of signaling pathways controlling developmental and 
physiological processes? One answer may lie in the number of cell types.   A given 
receptor-G protein combination can activate different pathways dependent on their 
cellular expression (Nurnberg et al., 1995). G-qα dependent phospholipase and calcium 
pathways differentially modulate phototransduction in the adult eye (Lee et al., 1990) in 
addition to neuronal migration and gut immunity in the Drosophila embryo (Ha et al., 
2009; Ratnaparkhi et al., 2002). Thus, Drosophila G protein subunits are expressed in 
different tissues during development and activate cell type specific pathways.  
 
 
Table 1.4. Repertoire of GPCRs and heterotrimeric G protein subunits in 
selective model organisms. The table lists the known number of GPCR and G 
protein (α, β, and γ) subunit genes in various different organisms. Reprinted by 
persmissoin from Macmillan Publishers Ltd: Nature Reviews Molecular Cell Biology 
(Malbon C.C.), copyright (2005).   	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G protein structure  
Heterotrimeric G proteins are composed of varying combinations of α, β, and γ 
subunits linked together and associated with the cell membrane (Malbon, 2005; 
Nurnberg et al., 1995).  In the inactive state, Gα is bound to GDP and covalently linked 
to the βγ subunit pair (Gilman, 1987). Activation by a receptor stimulates nucleotide 
exchange (GDP for GTP), which activates the α subunit and dissociating it from the βγ 
complex (Figure 1.4) (Gilman, 1987).  
 
 
 
 
 
 
 
Both the activated α subunit and βγ subunits can modulate a variety of effector 
proteins in the cell until α bound GTP undergoes hydrolysis (Gilman, 1987).  The α 
subunit possesses intrinsic GTPase activity that can be stimulated by other cellular 
	  
Figure 1.4. Heterotrimeric G protein signaling. A) Shows the arrangement of the 
heterotrimeric G protein subunits bound together in an inactive state at the cell 
membrane. B) A GPCR acting as a guanine exchange factor (GEF) activates the 
heterotrimeric G protein dissociating the α subunit from the βγ complex.  	  
	   	   	   	  
	  
27	  
proteins to turn off the signaling pathways (Gilman, 1987).   Upon hydrolysis of GTP to 
GDP, the α subunit reassociates with the βγ complex into an inactive state available for 
future activation (Gilman, 1987). This cyclical (inactive-active-inactive) process renders 
cells sensitive to their environment allowing recurrent and immediate cellular responses 
to external stimuli . 
The six Drosophila Gα proteins have differential and overlapping expression 
patterns during development allowing the activation of a variety of GPCR pathways for 
different developmental and physiological purposes. Each G protein is described below 
in Table 1.5 with emphasis on selected signaling roles.  
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G protein Effector Expression in Drosophila 
G-qα Phospholipase Cβ, calcium, Inositol-
triphosphate, diacylglycerol 
Embryonic axon tracts 
Embryonic gut 
Adult head regions 
G-sα Adenylyl cyclase, Protein Kinase A, 
phosphodiesterase 
Embryonic follicle cells 
Embryonic neuropil 
Adult head and axons 
bundles 
 
G-iα Inositol-triphosphate, arachidonic 
acid, calcium, diacylglycerol, 
adenylyl cyclase 
Maternal loading 
During axonogenesis 
Embryonic heart and lymph 
gland 
Adult CNS 
G-oα Inositol-triphosphate, arachidonic 
acid, calcium, diacylglycerol, 
adenylyl cyclase 
Maternal loading 
Surface glia 
Mesoderm 
Embryonic and adult CNS 
ovaries 
G-fα Unknown Maternal loading 
Midgut 
Some larval and pupal 
concertina RhoGEF2  Ovaries 
Early mesoderm 
Gβ5 All Gβ and Gγ affect the following: Unknown 
Gβ13F Ion channels (K+) 
Phospholipase Cβ 
Ovaries 
Embryonic CNS 
Pupal and adult brain 
Gβ76C Adenylyl cyclase Adult eye and head 
Gγ1 G-protein receptor kinase 
PI3 kinase 
MAPKinase cascade 
Ubiquitous early embryo 
Late embryo and larval brain 
Ubiquitous adult 
Gγ30A Phospholipase A2  
 
 
 
 
 
Table 1.5. Drosophila G protein subunits. The table lists all the known G protein 
subunits identified in the fly along with their effector molecules and known expression 
patterns during development.  	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Drosophila G-qα signaling 
G-qα is simultaneously expressed in the embryonic gut and nervous system with 
continued expression in subsets of adult neurons including the visual cortex (Table 1.5). 
This is in contrast to their mammalian counterparts of which some are expressed 
ubiquitously whereas other family members are specifically expressed in the kidney, 
lung, spleen, and haematopoietic cells (Malbon, 2005). This family of G proteins 
constitutes the classical pathways that stimulate phospholipase C-β to produce the 
cellular messengers inositol triphosphate (IP3) and diacylglycerol (DAG). These second 
messengers in turn activate several pathways that lead to changes in intracellular 
calcium levels (Neves et al., 2002).  
Mutations in Drosophila G-qα (dgq1) are not required for viability even though 
they have an important role in adult phototransduction (Lee et al., 1990).  In the adult 
eye photoreceptors, rhodopsin activates Drosophila G-qα in response to light that in 
turn activate phospholipase Cβ (PLCβ).  Loss of dgq1 results in a dramatic loss of light 
responsiveness in these flies (Lee et al., 1994). In the developing embryo, Ratnaparkhi 
et al (2002) detected dgq protein expression in early neuroblasts and subsequently in 
pioneering axons of the central nervous system. Over expression of an activated form 
but not wild type G-qα in subsets of Drosophila embryonic neurons misguides these 
axons away from their normal trajectories (Ratnaparkhi et al., 2002).  Similarly, 
expression of constitutively active G proteins including G-qα in vertebrate cells inhibits 
normal neuronal extension (Katoh et al., 1998). Interestingly, G-qα activation of calcium 
levels also plays important roles in non-migratory gut epithelia.  Ingestion of microbes 
such as yeast elicits a gut infection response in Drosophila leading to increased reactive 
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oxygen species (ROS) production (Ha et al., 2009).  G-qα activated PLCβ promotes 
release of calcium from intracellular endoplasmic reticulum stores that activates dual 
oxidase (DUOX) enzyme activity, which ultimately leads to ROS production (Ha et al., 
2009). These findings suggest the possible expression of three different GPCR family 
members in the Drosophila gut, nervous system and visual system that may respond to 
different ligands eliciting a cell type specific response through similar downstream 
pathways.  
 
Drosophila G-sα signaling 
 Despite high-level expression in the embryonic neuropil through stages of 
axonogenesis (Wolfgang et al., 1991), no role for endogenous G-sα has been 
determined in axon pathway formation.  A preliminary analysis using pan neural over 
expression of a constitutively active but not a wild type form of G-sα, reduced the 
percentage of abnormal axon projections in a heterozygous slit mutant embryo 
(personal comm.). This is in contrast to the effects seen with constitutively active G-qα 
(Ratnaparkhi et al., 2002) and hence consistent with the known opposing effects of 
calcium versus cAMP in the growth cone (Gomez and Spitzer, 1999; Song et al., 1997). 
Surprisingly, loss of function G-sα alleles are lethal at late embryonic or early first instar 
stages with markedly reduced cAMP levels before death (21B). 
 Since hypomorphic G-sα alleles in Drosophila successfully reach pupal stages 
these mutants were analyzed for defects in synaptic transmission. Although synaptic 
innervation was normal, third instar neuromuscular junctions displayed reduced bouton 
	   	   	   	  
	  
31	  
numbers that directly affects the amount of neurotransmitter release (Wolfgang et al., 
2004) as seen with mutations in Flamingo (adhesion receptor). Conversely, artificially 
increasing cAMP levels in rat cerebellar slices using forskolin, increase the probability of 
neurotransmitter release by expanding the number of release sites (Chen and Regehr, 
1997).  
 Gain- of function analyses in G-sα suggests that extreme elevated levels of 
cAMP may play cytotoxic roles. Over expression of a constitutively active form of G-sα 
in Drosophila pupae inhibits adult wing expansion due to increased apoptosis in wing 
epithelia (Katanayeva et al., 2010).  Elevated cAMP levels in the wing epithelia also 
causes blistering, possibly due to activation of a necrotic cell death pathway (Wolfgang 
et al., 1996).  Similarly, increased cAMP in the C. elegans nervous system via 
expression of a constitutively active form of G-sα causes neurodegeneration via 
necrosis. Excess cAMP in the cells may actually deregulate ion channels that affect cell 
permeability and thus cell swelling and death (Berger et al., 1998).  
 These findings suggest that G proteins play differential roles during various 
developmental stages to modulate a variety of intracellular pathways downstream of 
their α and possibly βγ subunits. In the case of G-qα and G-sα, the βγ subunits appear 
to play a more regulatory role in modulating the active versus inactive state of the α 
subunits (Neves et al., 2002). On the other hand, βγ subunits associated with G-oα and 
G-iα have been shown to activate additional downstream pathways including 
phospholipases, phosphoinositode kinases and ion channels (Neves et al., 2002). 
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Drosophila G-iα/G-oα signaling 
 Both G-iα and G-oα are significantly expressed in Drosophila ovaries (de Sousa 
et al., 1989; Provost et al., 1988) with continued expression in the zygote during early 
blastoderm and gastrulation (Fremion et al., 1999; Guillen et al., 1991; Schaefer et al., 
2001). In lieu of this early expression, both proteins play an important role during 
neuroblast division (Katanaev and Tomlinson, 2006; Schaefer et al., 2001). During early 
embryogenesis, neuroblasts use distinct mechanisms to specifically localize cell fate 
determinants and promote asymmetric cell division (Katanaev and Tomlinson, 2006). 
Activation of heterotrimeric G proteins by Pins (activator of G protein signaling) 
promotes dissociation of the βγ subunits and subsequent apical localization ending in 
cell division forming two different sized daughter cells (Schaefer et al., 2001).   
Interestingly, highly conserved mechanisms operate in the worm, C elegans, where the 
βγ subunits orient mitotic spindles as the α subunit controls division into two different 
sized cells (Doe and Bowerman, 2001; Strome and Wood, 1983). Although these early 
events are independent of receptor activation of G proteins, their broad and dynamic 
expression patterns during development suggest GPCR dependent pathways may also 
be regulating other processes.  
 In addition to neuronal expression in the embryonic nervous system, G-oα is 
expressed in surface glia along with G-iα. Drosophila surface glia are required to form 
septate junctions resulting in ensheathment of the nervous system from the hemolymph 
(Bainton et al., 2005; Schwabe et al., 2005).  During late embryonic to early larval 
development, G-oα, G-iα, and the RGS Loco are specifically required to form effective 
septate junctions creating the blood brain barrier (Bainton et al., 2005; Schwabe et al., 
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2005).  Furthermore, as seen during asymmetric cell division, both α and βγ subunit 
downstream pathways are required during these processes. Interestingly, a GPCR of 
the Rhodopsin family, Moody is specifically required upstream of these proteins during 
blood brain barrier formation (Bainton et al., 2005; Schwabe et al., 2005). Concurrently, 
G-oα, Gβ13F, Gγ1 and the RGS Loco colocalize with septate junction proteins in the 
heart cells and play important roles in cell-cell adhesion to maintain cardiac integrity (Yi 
et al., 2008).  Although both G-oα and G-iα are expressed in the heart during embryonic 
development, G-oα is the predominantly signaling protein required during heart tube 
formation and cardiac function in Drosophila (Yi et al., 2008).  Interestingly, loss- of 
function mutations in the vertebrate G-oα protein also causes heart dysfunction in mice 
(Valenzuela et al., 1997).  
 
Drosophila concertina signaling 
 Drosophila has yet one other G protein, Concertina (cta), which is homologous to 
vertebrate Gα12/13.  These G proteins activate non-canonical pathways (e.g. rho 
GTPases and tyrosine kinases) that do not include second messengers such as calcium 
or cAMP (Wettschureck and Offermanns, 2005). As with G-iα and G-oα, concertina 
(cta) is maternally expressed and present in the oocytes and nurse cells (Parks and 
Wieschaus, 1991). Loss-of-function mutations in cta inhibit cellular invaginations during 
gastrulation (Parks and Wieschaus, 1991).  Surprisingly, mutations in cta are not lethal 
suggesting a redundancy in function as two other Gα subunits have overlapping 
expression during early stages (Parks and Wieschaus, 1991; Wolfgang et al., 1991).  
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Resetting GPCRs and G proteins to increase signaling sensitivity 
 Once a GPCR is activated, cells need to initiate mechanisms by which to turn off 
signaling.  This ensures continued sensitivity of the cell to varying degrees of external 
stimuli. G protein-coupled receptor kinases (GPRKs) are a unique family of proteins 
capable of phosphorylating GPCRs in their active state (Lefkowitz, 1993). 
Phosphorylation generally occurs in the third intracellular loop and C terminal tail 
serving as docking sites for β-arrestins (Figure 1.5) (Moore et al., 2007). β-arrestin 
binding to the receptor uncouples it from the bound heterotrimeric G protein and targets 
the receptor for endocytosis (Moore et al., 2007).   
Once endocytosed, the receptor is either recycled back to the membrane to allow 
re-activation or degraded within the cell for long term signal termination (Lefkowitz and 
Shenoy, 2005; Moore et al., 2007). Although GPRKs and β arrestins can target GPCR 
mediated signaling, recent findings also suggest roles for β arrestins in modulating Src 
and MAP kinase pathways (Lefkowitz and Shenoy, 2005; Pierce and Lefkowitz, 2001).  
These later findings make it difficult to use mutations in β arrestins to specifically assess 
GPCR dependent developmental pathways. 
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The GPRK family constitutes six members in mammals but only two members 
exist in Drosophila. The Drosophila G protein-coupled receptor kinase, Gprk2 is 
specifically expressed in nurse cells during oogenesis and later in the larval and adult 
brain regions (Schneider and Spradling, 1997).  Further, loss-of-function mutations in 
gprk2 affect egg morphogenesis and gastrulation movements (Schneider and Spradling, 
1997).  The early roles of gprk2 are consistent with the expression of several 
	  
Figure 1.5. Resetting G-protein coupled receptor signaling. A) Activated GPCRs 
are targets for phosphorylation by G-protein receptor kinases. B) Phosphorylated 
receptors are then bound by β-arrestins which displace the bound G protein to 
terminate signal transduction. C) Binding of β-arrestin then induces receptor 
endocytosis by clathrin coated pits followed by either quickly recycling the receptor 
back to the membrane or degradation for long term signal termination.  	  
	   	   	   	  
	  
36	  
heterotrimeric G proteins during early development suggesting the presence of one or 
more GPCRs during these early stages (Table 1.5). Although a defined GPCR-Gprk2 
interaction has not been determined, Drosophila gprk2 along with krz regulates the 
atypical GPCR Smoothened during early development (Cheng et al., 2010).   
The single non-visual arrestin in Drosophila, Kurtz, is expressed in nurse cell and 
oocytes along with gprk2 and several G proteins, with continued ubiquitous expression 
during gastrulation and more restricted patterns in the central nervous system, trachea 
and dorsal pouch (Roman et al., 2000).  These overlapping expression patterns 
between GPCR signaling components strongly suggest the expression of several 
GPCRs during Drosophila embryonic development. Thus a systematic analysis of 
specific GPCRs in the Drosophila genome will help identify which GPCRs participate in 
these developmental processes.  
 The Drosophila genome consists of ~200 GPCRs. Why then, does Drosophila 
only have one visual and one non-visual arrestin? Are these two proteins sufficient to 
regulate all GPCR mediated pathways during development? The answer lies in the 
presence of other mechanisms to regulate GPCR signaling duration and sensitivity.  
 One method other than GPRK/ β-arrestin desensitization of GPCRs includes 
heterologous desensitization by second-messenger dependent kinases such as those 
activated by cAMP (PKA) and phospholipase Cβ (PKC) (Ghadessy and Kelly, 2002). 
These kinases are activated downstream of GPCR signaling via selective heterotrimeric 
G proteins (Neves et al., 2002). This implicates a negative feedback mechanism that 
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may be employed by specific groups of GPCRs in some cells. Another means of 
regulating GPCR signaling is through regulators of G protein signaling (RGS) proteins.  
RGS proteins are a family of GTPase activating proteins (GAPS) that play an 
important role in regulating the duration of GPCR mediated signaling (Figure 1.6) (De 
Vries et al., 2000).  Once a receptor is activated, it acts as a GEF to activate the 
heterotrimeric G protein by promoting exchange of GDP for GTP.  Rapid turnoff of the G 
protein can be obtained by returning it to the inactive state (De Vries et al., 2000).  RGS 
proteins in the cell can directly interact with the Gα subunit promoting inactivation 
through the exchange of GTP for GDP thus acting as GAPs (Druey, 2001). Furthermore 
RGS proteins can act as antagonists by physically blocking interactions between G 
proteins and their effectors. Lastly, RGS proteins can reduce the number of free βγ 
subunits available for signaling by accelerating formation of the αβγ heterodimer (De 
Vries et al., 2000). The RGS proteins were initially discovered in the yeast 
Saccharomyces cerevisiae and later in more complex organisms leading to the 
identification of more than 30 RGS proteins in humans (De Vries et al., 2000; Sierra et 
al., 2000). To date, two RGS proteins, RGS7 and Loco have been identified in 
Drosophila (Elmore et al., 1998; Granderath et al., 1999).  
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Drosophila RGS7 is highly homologous to C. elegans EGL-10 required for egg 
laying, in addition to the vertebrate RGS7.  In situ hybridization studies in Drosophila 
embryos and adults shows expression in the nervous system overlapping with that of  
G-oα (Elmore et al., 1998; Granderath et al., 1999). Another RGS protein in Drosophila, 
Loco, is specifically expressed in the lateral and surface glial cells of the developing 
embryo (Elmore et al., 1998; Granderath et al., 1999; Schwabe et al., 2005). Loco is 
regulated by glial cell missing and pointed transcription factors suggesting an important 
Figure 1.6. Resetting heterotrimeric G proteins.  Regulators of G proteins signaling 
(RGS) proteins target activated α subunits. RGS proteins accelerate the intrinsic 
GTPase activity to turn off the α subunit signaling and allowing it to reassociate with the 
βγ complex into an inactive state.  	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role in glial differentiation.  The rat RGS12, which shares homology to Drosophila Loco 
interacts with G-iα (Snow et al., 1997; Snow et al., 1998).  
 Interestingly, a yeast two-hybrid system revealed physical interactions between 
Loco and Drosophila G-iα (Elmore et al., 1998; Granderath et al., 1999).  Furthermore, 
Loco plays an important role in balancing the levels of G-iα-GTP versus G-iα-GDP 
during asymmetric protein localization and division in Drosophila neuroblasts (Yu et al., 
2005). In lieu of its overlapping expression with G-iα, G-oα and Moody in surface glia, a 
role for Loco has been established in the formation and maintenance of the blood brain 
barrier (Schwabe et al., 2005).  These surface glia form a continuous septate junction 
belt to seal the nervous system away from the circulating hemolymph (Bainton et al., 
2005; Schwabe et al., 2005). Furthermore, Loco also plays an important role in 
maintaining the integrity of the dorsal vessel (heart) through modulating cell adhesion 
mechanisms along with the G-oα protein (Yi et al., 2008).  
 
Overview of Drosophila embryonic development 
Formation of the cellular blastoderm 
 Drosophila embryonic development has been divided into 17 stages based on 
several distinguishable features and well-studied cellular events. The major events that 
generate cellular and morphological differences during embryonic development are 
cleavage divisions, gastrulation, germ band elongation, germ band shortening, dorsal 
closure and head involution (Bate and Martinez Arias, 1993; Campos-Ortega and 
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Hartenstein, 1997; Leptin, 1995; Mazumdar and Mazumdar, 2002). These are 
landmarks typically used to help explore the expression patterns of genes.  
Following fertilization, the egg rapidly undergoes a series of 13 mitotic nuclear 
cleavage divisions without ending in cytokinesis (Figure 1.7, A-B) (Mazumdar and 
Mazumdar, 2002). Cellularization during cycle 14 results in blastoderm formation 
(Campos-Ortega and Hartenstein, 1997; Mazumdar and Mazumdar, 2002). After the 
first 8 divisions, pole cells begin to bud off at the posterior end into the space between 
the egg and vitelline membrane and simultaneously undergo division 9 during stage 3 of 
embryogenesis (Campos-Ortega and Hartenstein, 1997).  Thereafter the remaining 
daughter nuclei migrate to the periphery and complete the last four divisions resulting in 
the formation of the synctial blastoderm (Figure 1.7, C) (Campos-Ortega and 
Hartenstein, 1997; Mazumdar and Mazumdar, 2002).   
Cellularization of the blastoderm begins through inward ingression of the outer 
membrane between pairs of nuclei at the periphery (Campos-Ortega and Hartenstein, 
1997; Mazumdar and Mazumdar, 2002). By the end of this stage, the egg consists of 
about 6000 cells enclosing the yolk and 30 pole cells at the posterior end (Figure 1.7, D) 
(Leptin, 1995). All blastoderm nuclei and cells have the same shape and size 
throughout the entire egg and will then begin showing regional variations (Campos-
Ortega and Hartenstein, 1997).  
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Gastrulation 
 Gastrulation encompasses an important developmental event that transforms the 
blastula (vertebrates) or blastoderm (invertebrates) into a multilayered organism with 
three germ layers (Figure 1.8) (Leptin, 1999). Gastrulation in Drosophila occurs through 
two embryonic stages and entails several morphogenetic movements, namely (1) 
ventral furrow formation, (2) posterior midgut invagination, and (3) germ band extension 
(Bate and Martinez Arias, 1993; Campos-Ortega and Hartenstein, 1997; Leptin, 1995).  
Figure 1.7. From fertilization to the cellular blastoderm stage (Alberts et al., 
2002). A) Fertilized egg beginning with a single cell. B) Blastoderm stage after 
several mitotic divisions without cytokinesis. C) Daughter nuclei have migrated to the 
periphery and pole cells bud off at the posterior end. D) All nuclei are bound by a 
membrane, cellularization is complete. Printed with permission from Garland 
Science: Molecular Biology of the Cell, 4th Edition (Alberts et al), copyright (2002). 	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1.  Ventral furrow formation 
 The ventral furrow is a longitudinal fold formed at the onset of gastrulation on the 
ventral side (Bate and Martinez Arias, 1993; Campos-Ortega and Hartenstein, 1997; 
Leptin, 1995). The furrow is formed from a band of cells that invaginate interiorly to form 
a hollow tube running along the anterior-posterior axis (Bate and Martinez Arias, 1993). 
Later in development the tube disperses into single cells eventually giving rise to all of 
the mesoderm and part of the anterior endoderm (Bate and Martinez Arias, 1993). 
Simultaneous to ventral furrow formation, a cephalic furrow forms on the lateral sides 
along the dorsal ventral axis in the anterior part of the embryo (Bate and Martinez Arias, 
Figure 1.8. Blastoderm fate map. Diagram showing the embryonic fate map.  
Reprinted with permission from CSHL Press: Genes and Development (Stainier 
D.Y.R.). copyright (2002).   	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1993).  The cephalic furrow becomes deeper along the lateral sides as it forms 
asymmetrically along the dorsal ventral axis. This process results in the division of the 
embryo into a head and body region. Some of the ventral furrow cells extend slightly 
anterior to the cephalic furrow region (Bate and Martinez Arias, 1993; Campos-Ortega 
and Hartenstein, 1997).  
2.  Posterior midgut invagination 
 As the ventral furrow closes to form a tube, a cup shaped invagination occurs at 
the posterior end of the embryo bringing the midgut and hindgut primordia into the 
interior (Bate and Martinez Arias, 1993; Campos-Ortega and Hartenstein, 1997). 
Interestingly, the same cellular mechanisms control both ventral furrow formation and 
midgut invagination although the overall shapes of the two invaginations are very 
different (Bate and Martinez Arias, 1993; Campos-Ortega and Hartenstein, 1997). 
Furthermore, the posterior pole cells have now migrated more dorsal and are positioned 
in the center of the invaginating posterior midgut allowing internalization of these cells 
(Bate and Martinez Arias, 1993; Campos-Ortega and Hartenstein, 1997).  
3. Germ band extension 
 Two thirds of the blastoderm embryo constitutes the presumptive germ band 
(Bate and Martinez Arias, 1993; Campos-Ortega and Hartenstein, 1997). In the 
anterior–posterior direction, the germ band spans from the cephalic furrow to the 
posterior tip and in the dorsal ventral direction it includes everything except for the 
amnioserosa primordia (Bate and Martinez Arias, 1993; Campos-Ortega and 
Hartenstein, 1997).  As the posterior midgut invaginates, the germ band begins to 
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elongate anteriorly around the dorsal side while reducing its width along the dorsal 
ventral axis (Bate and Martinez Arias, 1993; Campos-Ortega and Hartenstein, 1997).  
Unlike other regions undergoing morphogenesis during gastrulation the germ band is 
divided into domains committed to different cell types (dorsal epidermis, neuroectoderm, 
mesectoderm and mesoderm). Extension continues until the posterior end (denoted by 
the posterior midgut and hindgut invagination) lies directly behind the head region 
separated by the cephalic furrow (Bate and Martinez Arias, 1993; Campos-Ortega and 
Hartenstein, 1997). The amnioserosa starts to form at mid germ band extension and 
completes formation of the sheet covering the dorsal side as the tip of the germ band 
reaches the head region. This is an extraembryonic membrane composed of dorsal 
epithelial cells that forms a cover on the dorsal surface to enclose the embryo (Bate and 
Martinez Arias, 1993; Campos-Ortega and Hartenstein, 1997).  
 
 
 
 
 
 
Figure 1.9. Gastrulation movements. A) Early gastrulation showing the separation of 
the embryo into the future regions of the germ layers. B) Ending gastrulation showing 
the location of the germ layers following the major events of cellular movements during 
gastrulation. Reprinted with permission from Macmillan Publishers Ltd: The EMBO 
Journal (Leptin, M), copyright 1999) 	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By stage 8, gastrulation is complete (Figure 1.9). The cells of the various germ 
layers begin to further differentiate in addition to changing in shape, size and position to 
bring about the formation of the various organs and structures derived from the three 
germ layers through the processes of organogenesis and cephalogenesis (Table 1.6) 
(Bate and Martinez Arias, 1993; Campos-Ortega and Hartenstein, 1997). 
Organogenesis entails all the processes necessary to form all organs and tissues of the 
embryonic body and cephalogenesis involves transformation of the head region.  
 
Endoderm Ectoderm Mesoderm 
Most midgut Foregut Visceral musculature 
Portions of anterior midgut Portions of anterior midgut Somatic musculature 
 Hindgut Dorsal vessel (heart, aorta, 
lymph gland) 
 Epidermis Fat body 
 Neuroectoderm (Central 
and peripheral nervous 
system 
Macrophages form the 
head (procephalic) 
mesoderm 
 Tracheal tree gonads 
 Salivary glands  
 
 
 As the germ band elongates, the neuroblasts also segregate from the ectoderm 
and begin dividing to increase the number of neural cells, while the posterior midgut and 
hindgut begin to extend internally. By stage 11, prospective head regions become 
Table 1.6. Derivatives of the embryonic germ layers. Table showing the 
embryonic structures that will form from each of the germ layers.  	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visible (Bate and Martinez Arias, 1993; Campos-Ortega and Hartenstein, 1997). The 
anterior and posterior midgut regions begin to grow towards each other from either end 
of the embryo, while the hindgut continues to elongate. By the end of this stage the 
visceral and somatic mesoderm separate and dorsal vessel progenitors become 
specified as the germ band also begins to retract (Bate and Martinez Arias, 1993; 
Campos-Ortega and Hartenstein, 1997).  
 From stage 12 to stage 13, germ band retraction proceeds as the central nervous 
system continues to develop by extending axonal projections. While the dorsal vessel 
cells migrate towards the dorsal midline to form the heart tube, the overlying epidermal 
cells migrate dorsally leading to dorsal closure of the entire embryo (Bate and Martinez 
Arias, 1993; Campos-Ortega and Hartenstein, 1997). In stage 14 embryos as dorsal 
closure continues, head involution is also initiated. This involves the epidermis moving 
over the head segments converting the most anterior portions of the head into the most 
posterior part resulting in the formation of the dorsal pouch (Bate and Martinez Arias, 
1993; Campos-Ortega and Hartenstein, 1997).  
 As dorsal closure and head involution are completed by stage 15, the ventral 
cord begins to condense even further (Bate and Martinez Arias, 1993; Campos-Ortega 
and Hartenstein, 1997). All portions of the fore- and hindgut are distinguishable while 
the midgut undergoes several constrictions to form a more lobular structure (Bate and 
Martinez Arias, 1993; Campos-Ortega and Hartenstein, 1997). By stage 16 of 
embryogenesis all embryonic organs and tissues are completely formed. The epidermis, 
trachea, fore- and hindgut begin secreting the cuticle that will form the tough outer 
covering of the larvae (Bate and Martinez Arias, 1993; Campos-Ortega and Hartenstein, 
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1997). Embryos then enter stage 17 until they hatch into the first in-star larvae. During 
this time, the trachea fills with air and the heart begins beating and pumping hemolymph 
through an open circulatory system commonly found in insect (Bate and Martinez Arias, 
1993; Campos-Ortega and Hartenstein, 1997). 
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CHAPTER 2 
 
Expression and evolution of the insect-specific Methuselah genes in Drosophila 
melanogaster 
This chapter is also currently being written up as a manuscript to be submitted along 
with the following authors,  
Hallal DA who did all in situ hybridizations on third instar larval CNS and imaginal discs 
and Husain, Z who did the in situ hybridizations on Tribolium embryos. Bronner, DN and 
Zein, R provided technical assistance with the larval in situ hybridizations. Jones, JW 
and Caravas, J provided assistance with the phylogenetic analyses.  
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SUMMARY 
G protein-coupled receptors (GPCRs) are a versatile family of genes that have 
diversified through evolution to participate in many novel functions. In Drosophila 
melanogaster, Methuselah and Methuselah-like (Mth/Mthl) genes are a family of fifteen 
insect specific Family B GPCRs. Using a Bayesian analysis of receptor sequences from 
five Drosophila species as well as Tribolium and Anopheles we examined the evolution 
of this family in insects. Orthologs of Mthl1, 5 and 14 are present in most of these 
insects and form separate clades. The remaining Mthl genes form a fourth Mth-clade, 
characterized by the presence of the Mth-ectodomain. This clade arose through gene 
duplication from a common dipteran ancestor that also gave rise to a single Tribolium 
Mthl (Tc010567). The expression pattern of the Tribolium ortholog and all melanogaster 
paralogs were analyzed by in situ hybridization.  Tribolium Mthl is expressed in the hind 
gut and mesodermal crystal cells of the embryo. In D. melanogaster, six genes (Mthl 1, 
5, 9, 11, 13 and 14) are expressed in the embryo, four (Mthl3, 4, 6 and 8) in the larval 
CNS and imaginal discs and two (Mthl10 and Mth) in both embryos and larvae. 
Expression of Mthl10 and Mthl9 include the tissue pattern seen in Tribolium, but the 
remaining receptors are expressed in other tissues, including gastrulating mesoderm 
and mesoderm-derived tissue, and larval nervous system. Thus, the Mth/Mthl gene 
family has undergone extensive gene duplication in Drosophila species, leading to 
diverse expression patterns, and functional innovation, in Drosophila melanogaster.  
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INTRODUCTION 
The evolutionary success of G-protein coupled receptors (GPCRs) is evident by 
the presence of this superfamily across many phyla (Perez, 2005).  Indeed, there is a 
strong correlation between the repertoire of GPCRs and the complexity of the organism 
as these receptors participate in a variety of cellular processes from light transduction to 
hormone signaling. Roles in development, cell differentiation and cell migration have 
also been uncovered (Kroeze et al., 2003; Malbon, 2005), and additional roles seem 
likely, as several GPCRs exist for which biological functions and/or ligands remain 
unknown. Here, we begin studying one such subfamily of GPCRs in Drosophila, 
Methuselah (Mth), and its fourteen Methuselah-like (Mthl) relatives.  
The hallmark of GPCRs is seven transmembrane α helices, often arranged in a 
ring like structure. These domains are connected by intracellular and extracellular loops 
with a variable N terminal region on the outside, and C terminus on the inside of the cell 
(Baldwin, 1994b; Gudermann et al., 1995). In general terms, a ligand binds to sites on 
the external surface of the transmembrane domains and/or the N-terminus. Ligand 
binding allows the internal loops to activate trimeric G-proteins (αβγ) that in turn act on 
different intracellular effectors to alter second messenger levels (e.g. Ca2+, cAMP, 
cGMP). While most GPCRs retain this basic structure, phylogenetic analysis of GPCRs 
has subdivided this superfamily into different groups. In humans, this classification is 
designated by the GRAFS system as it encompasses Glutamate (G), Rhodopsin (R), 
Adhesion (A), Frizzled/Taste2 (F), and Secretin (S) receptors (Fredriksson et al., 2003). 
The approximate two hundred GPCR genes present in Drosophila can also be 
subdivided into families, and while the designations may differ (Brody and Cravchik, 
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2000; Harmar 2001b) it is apparent that members of each of the five families above are 
present in the fruit fly.  For example, class A GPCRs are readily identified as fly 
homologs of well-known rhodopsin GPCRs in vertebrates, and have key roles as 
hormone or neurotransmitter receptors (Hansen et al., 2006; Hansen et al., 2011; 
Johnson et al., 2003; Johnson et al., 2005; Stafflinger et al., 2008). Drosophila 
Glutamate receptors have been identified and are known to mediate neurotransmission 
at larval neuromuscular junctions. Finally, Drosophila Frizzled receptors play major roles 
in development of the eye imaginal disc (del Alamo and Mlodzik, 2006).   
Secretin receptors are characterized by long N-terminal domains, which tend to 
recognize peptide ligands, including hormones and neuropeptides. Once activated, 
these GPCRs modulate trimeric G-proteins to regulate key metabolic and 
developmental functions (Cardoso et al., 2010b). Drosophila secretin-like receptors 
have been further divided into three subgroups (Harmar, 2001b).  The B1 subfamily 
includes secretin-like receptors such as Han, which is involved in Pigment Dispersing 
Factor (PDF) signaling and circadian rhythm (Hyun et al., 2005; Janssen et al., 2008), 
as well as other calcitonin-like (CG13758, CG17415, CG4395) or diuretic hormone-like 
receptors (CG8422, CG12370). The B2 subclass of secretin-like receptors includes 
homologs of vertebrate adhesion receptors. This is a diverse family of receptors with 
large extracellular domains that are adhesive, binding cellular or matrix ligands via 
motifs common to adhesion molecules (e.g. EGF, IgG or cadherin motifs, and leucine 
rich repeats) (Bjarnadottir et al., 2007a). At least some of these adhesion receptors 
signal into the cell via G-proteins, although G-protein independent mechanisms also 
occur (Mizuno and Itoh, 2010).  Flamingo (or starry night) is one Drosophila adhesion 
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receptor, which has important roles in establishing cell polarity during neurogenesis and 
is involved in axon outgrowth (Bao et al., 2007; Steinel and Whitington, 2009).  Two 
other Drosophila adhesion receptors have been annotated (CG15556 & CG11318) but 
functions have not been assessed.  Drosophila also has a homolog of the Latrophilin 
receptor, also called the Calcium-Independent Receptor for α-Latrotoxin (CIRL). 
Latrophillin receptors bind the spider toxin α-latrotoxin (Matsushita et al., 1999b) and are 
known to help regulate exocytosis (Lelianova et al., 1997a; Matsushita et al., 1999b).  
Orthologs of the latrophillin receptor are present in most vertebrate and invertebrate 
species (Doyle et al., 2006; Krasnoperov et al., 1997; Langenhan et al., 2009) and are 
commonly used as an out group in phylogenetic analysis of secretin-like GPCRs (Fan et 
al., 2010; Hill et al., 2002).  
While they probably share an evolutionary history with the adhesion receptors 
(Harmar 2001b) Mth and the Mthl receptors have been placed into a unique third 
subfamily (B3) of secretin-like receptors. These proteins are in fact characterized by the 
presence of the unique Methuselah ectodomain consisting of up to ten cysteine 
residues (West et al., 2001). This region is thought to be important in ligand binding and 
transmembrane interactions suggesting the Methuselah family of receptors utilize 
different signaling mechanisms (West et al., 2001) when compared to other family B 
receptors.  Methuselah was first identified as an aging gene since loss of methuselah 
increases lifespan and stress resistance in adults (Lin et al., 1998). While Mth helps 
control synaptic efficacy at larval glutamatergic neuromuscular junctions (Song et al., 
2002), how this function extends life span is unknown. In addition, since null alleles are 
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embryonic lethal, it is presumed that Mth has important roles in the development of the 
embryo, yet this role, and even its expression pattern, in the embryo is unknown.   
While annotating the Drosophila genome, Brody and Cravchik (2000) identified 
ten genes with sequence similarity (N-terminal and/or seven transmembrane regions) to 
Mth and thus established the Mthl family. Four additional Mthl genes have since been 
annotated on Flybase, although their evolutionary relationship to the other family 
members has not been established. Vertebrate homologues for Mth have not been 
identified, although orthologs for Mth and some Mthl receptors are detected in other 
invertebrates (Fan et al., 2010; Hill et al., 2002). With fifteen genes, Drosophila 
melanogaster has the largest repertoire of Mth/Mthl receptors, yet the developmental or 
physiological role for any of these Mthl genes remains elusive. Here as a first step in 
understanding the function of this large subfamily, we describe the expression pattern of 
all 15 family members (Mth and Mthl1 to 14) in Drosophila melanogaster embryos and 
third instar discs and nerve cord. To help clarify the expansion of this gene family in 
Drosophila, we also examined the evolutionary history of the Mthl family in several 
Drosophila species (D. virilis, D. mojavensis, D. pseudoobscura, D. yakuba and D. 
melanogaster) as well as two other insects, the red flour beetle (Tribolium castaneum), 
and the mosquito (Anopheles gambiae), the latter of which have been previously 
described (Hill et al., 2002).  
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METHODS 
Single Fly Prep and PCR: Single fly preps for genomic PCR was performed using 
squishing buffer as described by Dietzel G in the lab of Barry Dickson, Vienna, Austria. 
Briefly, a single fly is placed in a 0.5 ml tube and mashed using a pipette tip containing 
50ul of squishing buffer (10mM Tris pH 8.2, 1mM EDTA, 25mM NaCl, fresh 200ug/ml 
proteinase K). The buffer is then expelled and the tube is placed at 37°C for 20 to 30 
minutes. The proteinase K is de-activated by heating the tubes to 95 °C for 1 to 2 
minutes and then the tubes are stored at 4°C. Gene specific primers were designed for 
each family member (Appendix A, Table A.1). PCR analysis is performed using GoTaq 
Flexi DNA polymerase (Promega) and cycling conditions modified as needed for 
different primer pairs and product sizes. While all products were obtained via genomic 
PCR using whole fly genomic DNA template, the Mth and Mthl2 full-length product was 
obtained by PCR from plasmid DNA (DGRC clone # SD05804 and RH57551). All PCR 
products were purified using a PCR purification kit (Qiagen) and quantified using the 
Nanodrop 2000c.  
RNA probe synthesis and purification: RNA Probes for in situ hybridization are 
generated using a RNA polymerase kit (Promega, Riboprobe combination systems, 
T7/T3 and T7/Sp6) and labeled with digoxigenen-11-UTP (Roche), followed by standard 
ethanol precipitation using ammonium acetate (Ambion). The probes are serially diluted 
(1:10, 1:100, 1:1000, 1:10,000, 1:100,000) in RNase-free water to be quantified using a 
spotting assay performed on a charged nylon membrane (Millipore). The spotted RNA 
samples are UV cross-linked onto the membrane. The membrane is blocked in 
PBTween (0.1% PBTween in DEPC treated water) for 1 hour followed by incubation in a 
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1:1500 dilution of anti-digoxigenen in PBTween for 1 hour. The membrane is then 
rinsed and washed in PBTween 3 times and in alkaline phosphatase buffer (0.1M NaCl, 
0.05 MgCl2, 0.1M Tris pH 9.5, 0.1% Tween 20) once followed by development in 
alkaline phosphatase buffer with 50ul of NBT/BCIP (Roche) for about 20 minutes or till 
desired color.  
Tissue preparation and In Situ Hybridization: Embryos are washed and collected 
from apple juice plates using 0.02% Triton-X in PBS (PBT) and dechorionated for 5 
minutes in 30% bleach made with PBT. Embryos are then fixed in equal parts heptane 
and 4% paraformaldehyde for 20 minutes. The lower phase is removed and replaced 
with methanol followed by vortexing for 1 minute to crack open embryos. Settled 
embryos are then rinsed 3X in methanol and stored at   -20°C till needed. Crawling third 
instar larva were dissected in PBS (1x phospho-buffered saline) and fixed with 4% 
paraformaldehyde for 20 minutes at 4°C. Dissected larva were then washed three times 
with methanol and stored at -20°C until needed. 
For pre-hybridization, embryos are treated with a 1:1 mixture of xylene and 
ethanol while larval tissue is treated with 20ug/ml proteinase K at room temperature. 
Following this both embryos and larval tissue are treated with a graded methanol series 
(80%, 50%, and 25%) in RNase-free water for 5 minutes each. Following this embryos 
are treated with 80% acetone at -20°C for 10 minutes and then both embryos and larval 
tissue are post-fixed for 20 minutes in 4% paraformaldehyde. Samples are blocked in 
hybridization buffer (Formamide, 20xSSC, Denhardt’s solution, 10mg/ml yeast tRNA, 
10mg/ml ssDNA, 50mg/ml Heparin, 10%tween) for 1 hour then incubated in 
hybridization buffer + 50% dextran sulfate along with the appropriate amounts of RNA 
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probes overnight at 55°C with rocking. The samples are washed 8X for 15 minutes 
using wash buffer (Formamide, 20xSSC, DEPC treated distilled water, 10% Tween 20) 
at 55°C. Embryos and larva are incubated in a 1:2000 Dilution of Anti- Digoxigenen 
(Roche) in PBTween20 + normal goat serum (Gibco) overnight at room temperature. 
Samples are washed 6X for 10 minutes in PBTween followed by a wash with alkaline 
phosphatase buffer (0.1M NaCl, 0.05 MgCl2, 0.1M Tris pH 9.5, 0.1% Tween 20). A 
mixture of alkaline phosphase buffer and NBT/BCIP is added to each sample in a pyrex 
multiwell and watched till desired development.  Following development, samples are 
washed 3X in PBT, then 3X quickly with ethanol followed by 3 PBT washes and storage 
in 70% glycerol. Embryos and larval tissue are mounted on a slide using 70% glycerol, 
overlaid with a coverslip and sealed. Pictures were taken using Lieca DM5500 B and 
the Leica AS software was used for image capturing.    
Tribolium in situ hybridization: This was performed as per (Friedrich and 
Benzer, 2000). Briefly, embryos were collected and dechorionated in 25% bleach. 
Following this the embryos are fixed in formaldehyde plus heptane and the outer 
membrane removed using methanol. Fixed embryos are prepared for hybridization and 
incubated with the optimal probe concentration in hybridization buffer overnight at 55°C. 
The following day, hybridized embryos are washed in hybridizationA-RNA buffer, 
sodium citrate buffer and finally in maleic acid buffer. Embryos are blocked in maleic 
acid buffer followed by the addition of anti-digoxigenin antibody for two hours at room 
temperature. Embryos are then washed again several times in maleic acid buffer and 
incubated overnight at room temperature in the last wash. Finally the embryos are 
washed in PBT and detection buffer. Color development is carried out in the dark in 
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detection buffer with NBT/BCIP for the required time. Developed embryos are washed 
in methanol, PBT and finally in PBS before storage in glycerol.  
Phylogenetic analysis: The 15 currently recognized mth gene family members in D. 
melanogaster were used to identify orthologs in each of the species studied.  Using the 
currently annotated protein sequences, a BLASTP search was performed against the 
non-redundant protein sequence database at NCBI with a cutoff E-value of 0.1.  
Potential orthologs obtained were used as a reciprocal BLAST query against D. 
melanogaster. Sequences returning Mth family members as the strongest match in D. 
melanogaster were retained as orthologs and used in the analysis.  The same process 
was repeated for each Adhesion and Secretin sequence studied.  Three adhesion 
family sequences were chosen as the out-group based on preliminary tree 
reconstructions and for these, only the D. melanogaster and Tribolium castaneum 
sequences were used.  
Alignment of all protein sequences was performed using the MUSCLE (Edgar, 
2004) alignment program at the Mobyle Pasteur web site (Neron et al., 2009), with 
default parameters.  The resulting alignment was displayed and analyzed using the 
MEGA5 (Tamura et al., 2011) software package. The resulting sequence alignment was 
then edited to remove highly diverged sites and retain conserved regions appropriate for 
phylogenetic analysis using Gblocks (Castresana, 2000; Talavera and Castresana, 
2007). A bayesian phylogenetic analysis was performed using MrBayes (Nielsen, 2005; 
Ronquist and Huelsenbeck, 2003) version 3.1.2. Parameters used were; mixed 
evolutionary model, gamma-distributed rates with invariable sites, 4 chains, 2 
independent runs, sample every 100 generations, discard 25% of samples as burnin, 
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and was run for 2,000,000 generations. Diagnostics were examined and showed the 
analysis to have obtained chain convergence. The resulting tree from the bayesian 
analysis was visualized using the Mesquite program package (Maddison and 
Maddison,2004).  
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RESULTS 
General expression in D. melanogaster 
The Mth/Mthl family of receptors is expressed in many different tissues at 
selected times of development.  Only two receptors, Mthl10 and Mth are expressed in 
both embryos and third instar CNS or discs.  The remaining receptors appear to be 
selectively expressed in either the embryo (e.g. Mthl1, -l5, l9, -l13, -l14) or third instar 
tissue (Mth–l3, -l4, -l6 & -l8). Of the Mthl genes expressed in embryos, mthl1 enjoys 
widespread expression over an extended period of development, beginning in the 
cellular blastoderm, continuing through gastrulation, where it is joined by both mth and 
mthl11, and finishing in the developing gut, where it is joined by mthl9, l10, and l14. 
Some Mthl genes (-l5, -l10 & -l13) are also expressed in subsets of hematopoietic 
tissue. In our description below, we follow the time course of Mthl1 expression in the 
embryo before and during gastrulation and in gut development, and include other Mthl 
members expressed during these developmental landmarks.  Receptors expressed in 
other mesodermally derived tissues are then described separately, followed by a 
description of Mth and Mthl10 expression in embryonic cells set aside for pupal 
development.  The final section describes Mthl receptor expression in the imaginal discs 
and CNS of climbing third instar larvae.  
 
Expression up to and including gastrulation  
Methuselah-like 1 (mthl1) expression is first detected at stage 4 (Figure 2.1, A1) 
in a broad band of cells extending from the anterior to the posterior pole along the 
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ventral surface. A circumferential ring near the posterior pole is also evident (Figure 2.1, 
A1). The ventral band demarcates the mesoderm layer while the ring is fated to become 
hindgut tissue. At stage 5, mthl1 is strongly expressed in mesoderm cells on the ventral 
side of the embryo surrounding the cephalic furrow and extending to the posterior pole 
(Figure 2.1, B1). mthl1 is also visible in the proctodeal invagination forming on the 
dorsal surface of the embryo (Figure 2.1, B1). The proctodeal invagination migrates 
anteriorly as the germ band extends taking along with it non-mthl1 expressing pole cells 
(Figure 2.1, B2) 
Interestingly, during stage 8, mthl1 expression in mesoderm tissue is 
accompanied by both mth and mthl11 (Figure 2.1, C1-E1). While there is considerable 
overlap in the expression of these three genes, at higher magnification subtle difference 
in the extent of expression is apparent at the cephalic furrow (Figure 2.1, C2, D2 and 
E2), the invaginating proctodeum (Figure 2.1, C3, D3, E3), and along the lateral wall of 
the ventral surface (Figure 2.1, C4, D4, E4). At the cephalic furrow, mthl1 is mostly 
present in the ventral portion of the furrow (Figure 2.1, C1, C2), while both mth and 
mthl11 are expressed more dorsally (Figure 2.1, D1, D2, E1, E2).  mth extends as a 
narrow band on each side of the furrow about two-thirds of the way up to the dorsal 
surface (Figure 2.1, D2 arrow), while mthl11 is expressed in a broader band on either 
side of the furrow all the way up to the dorsal surface (Figure 2.1, E2 arrow). Similar 
differences are also observed in the proctodeum region and along the ventral-lateral 
wall. mthl1 and mth are both expressed throughout the proctodeum, but mthl1 is higher 
along the outer rim closest to the cephalic furrow (Figure 2.1, C3), and mth is highest in 
the innermost portion of the proctodeum (Figure 2.1, D3). mthl11 is evenly expressed 
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throughout the proctodeal invagination (Figure 2.1, E3). All three genes are also 
expressed in the ventral lateral wall (Figure 2.1, C1, D1, E1), but, while both mthl1 
(Figure 2.1, C4, dotted) and mth (Figure 2.1, D4 dotted) are expressed in the dorsal half 
of the mesoderm layer, mthl11 is expressed in a broader band reaching the extreme 
ventral side (Figure 2.1, E4).  
As development proceeds, mthl11 expression rapidly declines and becomes 
undetectable by stage 10, while mth also diminishes in mesoderm cells only to re-
appear in a variety of cell clusters in the head and thorax, as described below. 
Meanwhile, mthl1 expression continues in the differentiating mesoderm during gut 
development.  
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Figure 2.1. Expression of Mth family members upto and including gastrulation. In 
situ hybridization of whole mount embryos with antisense RNA probes are shown 
between stage 4 and stage 8. Anterior is to the left and dorsal is up. Lateral views are 
shown, except (A) dorso-lateral view. (A-B2) Mthl1 expression in blastoderm stage 4 is 
detected along the ventral surface including the cephalic furrow (cf) and extending 
around the posterior pole with expression also visibile in the proctodeum (pr) 
invagination during stage 5. (C1-E1) Expression of Mthl1, Mth, and Mthl11 at stage 8 
during gastrulation. (C2-E4) Higher magnification views show expression of Mthl1, Mth 
and Mthl11 in the cephalic furrow (cf), proctodeum (pr), and ventral mesoderm (ms). The 
arrows indicate the extent of expression along the cephalic furrow (cf) and the dotted 
lines demarcate the upper mesoderm and lower ectoderm layers. Abbreviations: pc, 
pole cells; pr, proctodeum; cf, cephalic furrow; as, amnioserosa; ms, mesoderm.  	  
	   	   	   	  
	  
63	  
Expression of Mthl receptors in the developing gut 
By stage 11, mthl1 is restricted to two bilaterally symmetrical rows of visceral 
mesoderm cells surrounding the yolk sac (Figure 2.2, A1 arrows), and in a segmentally 
repeating pattern near the midline close to the epidermis (Figure 2.2, A2 arrow).  By 
stage 13, mthl1 is also expressed in the tubular structures (Figure 2.2, B1, B2) of the 
hindgut (Figure 2.2, B3 black arrow) and the emerging malpighian tubules (Figure 2.2 
B3 white arrows). Malpighian tubule expression of mthl1 is no longer detected by stage 
16 but mthl1 expression is present in the foregut, particularly in the pharynx and anterior 
proventriculus  (Figure 2.2, C1) and including the lining of the emerging esophagus 
(Figure 2.2, C3). There is also strong expression in the hindgut (Figure 2.2, C2), 
especially in the most posterior segment (Figure 2.2, C4) leading into the anal plate.  
 mthl9 joins mthl1 expression in portions of the fore- and hindgut. mthl9 
expression is first seen at stage 9 in a ball-like structure at the tip of the germ band 
(Figure 2.2, D). As germ band retraction proceeds through stage 12, mthl9 expressing 
cells form an elongated tube like structure along the length of the embryo (Figure 
2.2,E1, E2), which, by stage 13, is highest in the two openings of the hindgut. Two 
clusters of cells, consistent with the position of the telson, also express mthl9 (Figure 
2.2, F3).  Between stages 13 and 16, mthl9 is also detected at the foregut-midgut 
border (Figure 2.2, F1, F2, G1, G2) and in the inner lining at the posterior tip of the 
hindgut (Figure 2.2, F1, F3, G1, G3).  
 Both mthl10 and mthl14 are expressed in the developing embryonic gut. mthl10 
is first seen at stage 15 in the most anterior (Figure 2.2, H) and posterior (Figure 2.2, H) 
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regions of the midgut.  Following several constrictions that give rise to the highly 
convoluted midgut of a late stage 16 embryo, mthl10 is restricted to the most posterior 
lobe (Figure 2.2, I, black arrow) and in cells at the foregut-midgut border (Figure 2.2, I 
white arrow). Interestingly, in stage 15 embryos, mthl14 joins mthl10 with expression in 
the most anterior (Figure 2.2, J) and posterior (Figure 2.2, J) portions of the midgut. By 
stage 16, mthl14 remains restricted to the most posterior lobe of the midgut (Figure 2.2, 
K, black arrow) and the foregut-midgut border (Figure 2.2, K white arrow).  
In summary, the broad expression pattern of Mthl1 in developing mesoderm 
tissue suggests a key role for this receptor in the differentiation of this tissue, while other 
Mthl receptors may aid in this process in a more restricted temporal and/or spatially 
fashion. Recruitment of other Mthl receptors is also observed during the development of 
mesodermally derived hematopoietic cells.  
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Figure 2.2. Expression of Mthl receptors in the developing gut. In situ 
hybridization of whole mount embryos with antisense RNA probes are shown 
between stage 11 and stage 16. Anterior is to the left. Lateral (A1, B1, C1), dorsal 
(A2, B2, C2) and higher magnification dorsal (B3, C3, C4) views show Mthl1 
expression in the visceral mesoderm (vm) and epidermis of stage 11 embryos. Mthl1 
is later detected in the emerging midgut (B1), hindgut (hg; B2) and four malpighian 
tubules (B3, arrows) ending in expression in the hindgut (hg; C1, C2, C4) and 
portions of the foregut (fg; C1, C2, C3). Dorsal (D, F1, G1), dorsolateral (E1), and 
higher maginification dorsal (E2, F2, F3, G2, G3) views show Mthl9 expression in the 
emerging hindgut (hg) tubule extending posteriorly between stages 9-12 and finally 
expression in the hindgut (hg; G3), foregut(fg)-midgut(mg) border (G2) and telsons 
(F3, arrows). Dorsal (H-K) views show expression of Mthl10 and Mthl14 in parts of 
the midgut with later expression in the foregut(fg)-midgut(mg) border and most 
posterior regions of the midgut (I, K). The additional staining of Mthl10 seen in these 
embryos is discussed in more detail later. Abbreviations: vm, visceral mesoderm; hg, 
hindgut; fg, foregut; ph, pharynx;pv, proventriculus; es, esophagus; mg, midgut; mg 
½, future midgut lobules 1 and 2; mg ¾, future midgut lobules 3 and 4.  	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Expression in other mesodermally derived tissues 
mthl5 expression is first observed when it joins Mthl1 in two bilaterally 
symmetrical rows of visceral mesoderm cells surrounding the germ band (Figure 2.3, 
A1, A2 arrows). By stage 13, mthl5 expression begins to be restricted to a small number 
of bilaterally symmetrical cardioblast cells along the dorsal leading edge (Figure 2.3, B). 
By stage 16, these cells align next to one another at the dorsal midline as they form the 
anterior part of the dorsal vessel (Figure 2.3, C). Near the end of embryogenesis (stage 
16), mthl13 expression is detected in two cell masses near the dorsal midline of the T3 
segment (Figure 2.3, D1). Note there is additional staining in the head and trachea, 
which is also detectable in both mthl13 and other mthl sense strand embryos developed 
for longer time periods. Thus it is disregarded as non-specific background staining. By 
counterstaining embryos with anti-Dmef2, which stains all cardioblasts of the dorsal 
vessel, it appears that mthl13 is specifically expressed in the adjacent lymph gland 
(Figure 2.3, D2).  
In addition to the other patterns described above, mthl10 expression is also 
detected in two cell clusters in the posterior portion of the embryonic head at stage 11 
(Figure 2.3, E arrows). These two cell masses remain on either side of the 
proventriculus through stage 13 when gut formation has initiated (Figure 2.3, F1, F2) 
until the end of embryogenesis (Figure 2.3, G arrow). Since these cells do not move 
they are more than likely the non-motile crystal cells (Gajewski et al., 2007; 
Milchanowski et al., 2004). Crystal cells are a group of hematopoeitic cells involved in 
melanization, wound healing and encapsulation of foreign material (Ferjoux et al., 2007; 
Rizki and Rizki, 1959). Future double labeling fluorescent in situ hybridization (FISH) of 
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both mthl10 and black cell (bc) mRNA will help confirm the crystal cell identity (Gajewski 
et al., 2007).   
From the expression pattern described so far it is clear that several Mthl 
receptors are expressed in mesoderm-derived tissue.  However, both mth and mthl10 
are also expressed in several other small clusters of cells throughout the embryo. Some 
of these include ectoderm-derived cells that are important for future metamorphosis.   
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Figure 2.3. Expression of Mthl receptors in other mesodermally derived tissues. In situ 
hybridization of whole mount embryos with antisense RNA probes are shown between stages 11 
and 16 as indicated. Anterior is to the left. Lateral (A1), dorso-lateral (B, and C), and higher 
magnification dorsal (A2) views shows Mthl5 expression in the visceral and cardiac mesoderm 
(vm; A1, A2) with specific expression in the cardioblasts (B) and dorsal muscles (B, arrows) but 
finally restricted to the dorsal vessel (dv; C). Dorsal (D1) shows Mthl13 expression in the lymph 
glands (lg) located in the third thoracic segment, T3. All other staining represents background 
staining seen in both sense and anti-sense probed embryos incubated for extended periods of 
time in the developing solution. A higher magnification dorsal (D2) view of a an embryo 
counterstained with mef2 clearly shows the lymph glands (lg) as two cell clusters located on each 
side of the mef2 positive cardioblasts of dorsal vessel. Dorsal (E, F1), lateral (G) and higher 
magnification dorsal (F2) views show Mthl10 expression in the non-migratory crystal cells (cc) 
located anterior to the proventriculus (pv) (F2). Abbreviations: vm, visceral mesoderm; cb, 
cardioblasts; dv, dorsal vessel; lg, lymph gland, T3, thoracic segment 3; cc, crystal cells; pv, 
proventriculus.  	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Embryonic expression in the dorsal pouch and imaginal progenitor cells 
mth is expressed during gastrulation (stage 8) as described above, but while it 
gradually disappears during stages 9 to 12 (data not shown), it reappears in several 
locations of stage 13 embryos.  One set of cells includes a row of midline cells present 
in each segment (Figure 2.4, A1 arrow). To help identify these cells, embryos were 
counterstained with a neuronal marker 22C10, which highlights several neurons of the 
pCC/MP2 pathway in the axon scaffold.  By examining different focal planes it is clear 
that these mth expressing cells lie dorsal to the axon scaffold, and are thus likely to be 
mesectoderm cells (Figure 2.4, A2-A4).  In the dorsal head region of stage 13 embryos, 
mth is also expressed in the columnar cells lining the invagination of the emerging 
pharynx (Figure 2.4 B1, B2). By the end of head involution (stage 16), mth expression is 
observed in a V-shaped structure in the dorsal head region (stage 16; Figure 2.4, C1). 
This structure was localized below the 22C10 stained Bolwig’s organs (Figure 2.4, C2), 
and above the plane of the Bolwig’s nerves as they extend towards the brain (Figure 
2.4, C2). The posterior-most tip of this triangular structure is also located between the 
1D4 labeled (anti-Fasciclin II) axon scaffold (Figure 2.4, C3 white arrows).  This position 
is consistent with mth expression in the dorsal pouch, a structure that is used to set 
aside cells for future head imaginal discs. 
 Interestingly, we also observe mthl10 expression in cells of the head and thoracic 
region that we believe are the presumptive imaginal disc cells as well as abdominal 
histoblasts. In the dorsal head region, mthl10 expression is first detected at stage 11, 
and continues to stage 13, in three epidermally located cell clusters (Figure 2.4, D1 
arrow, E1) although after head involution (stage 16) mthl10 expression is no longer 
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detected (Figure 2.4, F1). Counterstaining stage 12-13 embryos with 22C10 helped 
determine the dorsal-ventral plane of these mthl10 expressing cells, and their positions 
along the anterior-posterior axis of the embryo (Figure 2.4, G1). mthl10 expressing cells 
form a chevron stripe across the midline within the plane of 22C10 stained axons, and 
below the Bolwigs organ (Figure 2.4, G2 versus G2’). This arrangement is consistent 
with the eye-antennal disc primordia cells (Figure 2.4, G1) (bate and martinez).  
Similarly, beginning in the head region and spanning across all three thoracic segments, 
a punctate pattern of mthl10 expressing cells is also evident in the lateral wall of an 
embryo (Figure 2.4, E1). Counterstaining with 22C10 suggest that these cells are not 
part of the peripheral sensory organs, but rather mthl10 appears to be expressed in four 
clusters of cells (Figure 2.4, G1) most likely the imaginal disc primordial cells destined to 
form the labial, prothorax, wing and haltere discs (Figure 2.4, G3, G3’) (Bate and 
Martinez-Arias, 1993; Hartenstein, 1993). A second row of mthl10 expressing cells lies 
in the lateral wall of the thoracic segments on the ventral half, closer to the nerve cord 
(Figure 2.4, G1). Again, these cells do not stain for 22C10, suggesting that these mthl10 
expressing cells may also be the primordial cells of the leg and wing imaginal discs 
found in this region (G4 and G4’) (Bate and Martinez-Arias, 1993; Hartenstein, 1993). 
The predicted cell identities based on position are also consistent with mthl10 
expression in third instar imaginal discs. Future work using cell-specific markers will 
better address the cellular identity of each cluster.  
 Finally, at stage 16, mthl10 gene has one additional pattern of expression in the 
lateral wall of the abdomen (Figure 2.4, F1). In a higher magnification of 22C10 stained 
embryos, it is clear that mthl10 is expressed in two rows of cells located in different focal 
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planes (Figure 2.4, F2 arrows). The first set of cells (Figure 2.4, F2 black arrow) lies 
within the lateral chordodontal organ cluster and is stained with 22C10 (Figure 2.4, F3); 
it may therefore be a sensory neuron.  However, the second cell is located in the 
epidermis and is not labeled with 22C10 (Figure 2.4, F2 white arrow, F3’). Its repeated 
position across the abdominal segments of the epidermis leads us to suggest that these 
may be the abdominal histoblast cells (Hartenstein, 1993,1997).  Taken together these 
patterns suggest that both Mth and Mthl10 may play an important role in embryos to 
help early development of imaginal disc tissue. In support, both mth and mthl10 are 
widely expressed in imaginal discs and the CNS of third instar larvae described in the 
following section.  
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Figure 2.4. Expression of Mth family members in the dorsal pouch and imaginal 
progenitor cells. In situ hybridization of whole mount embryos with antisense RNA probes 
is shown between stages 11 and 16. Anterior is to the left. Ventral (A1), lateral (B1), dorsal 
(C1) and higher magnification lateral (B2) views show Mth expression in the ventral midline 
cells, emerging pharynx (ph) and dorsal pouch (dp; C1). Immunostaining with 22C10 (A1-
A4) reveals the focal plane of the ventral midline cells. They are located dorsal to the axon 
scaffold. Immunostaining with 22C10 and 1D4 shows that the dorsal pouch (dp) is located 
below the Bolwigs organ (bo, C2) and between the axon scaffold (C3). Lateral (D1, E1) and 
dorsal (F1) views show Mthl10 expression in cells located in the head region and along the 
dorso-lateral edge of the abdomen. Immunostaining with 22C10 in dissected (G1) and 
higher magnification (G2-G4’) views show expression of Mthl10 in the eye-antennal disc 
(ead) and two sets of thoracic discs (td; G3 & G3’, G4 & G4’). Higher magnification lateral 
(F2-F3’) views show Mthl10 expression in at least one neuron within a chordodontal organ 
(F3, F3’) and several presumptive histoblasts (hib; F2) located in the lateral wall of the 
abdomen. Abbreviations: ph, pharynx; dp, dorsal pouch; bo, bolwigs organ; hib, histoblasts; 
ead, eye-antennal disc; td, thoracic discs. 	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Expression of Mth and Mthl Receptors in Third instar tissue 
Our data indicates that about half of the Mthl family members are expressed in a 
variety of embryonic tissues.  Might some of the other receptors be expressed in post-
embryonic tissue? We used in situ hybridization to investigate postembryonic 
developmental expression in the CNS and imaginal discs of third instar larva. The CNS 
is composed of the optic lobes, the central brain, the subesophageal ganglion, and the 
thoracic and abdominal neuromeres. These regions undergo extensive remodeling 
during pupation to give rise to the adult CNS (Campos-Ortega and Hartenstein, 1997). 
The discs undergo a series of morphological movements to give rise to the 
corresponding adult structures. Two of the receptors expressed in embryos, Mthl10 and 
Mth, are also expressed in the third instar tissue examined, while four others are 
uniquely expressed in larval tissue: Mthl3, -l4, -l6 and -l8.  For Mthl10 we also detected 
expression of two different splice variants of which only one is expressed in the embryo.  
We developed a probe for exon 1, common to all variants as well as probes to 
exon four, specific to variants A, C and D (Appendix A).  The high level of sequence 
similarity (98%) between variant B and E (Appendix A, H dotted red box) prevented us 
from designing a specific probe to differentiate between them. Nevertheless, the exon 4 
probes specific for variant A, B/E and D each failed to resolve any expression patterns 
in embryos (Appendix A). On the other hand, the exon probe specific to variant C 
yielded an expression pattern identical to that of exon 1 (Appendix A), common to all 
variants, indicating that only variant C is expressed in the developing embryo. Variant C 
is also expressed in third instar CNS and discs, but interestingly, it is joined there by 
Variant A (see below).   
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Four members of the Mthl family have overlapping expression in the third instar 
CNS (Figure 2.5). The C variant of mthl10, but not the A or B variants, is expressed 
throughout the neuropil of the third instar CNS, where it is joined by mth itself, although 
both are at fairly low levels. mthl8 is the most predominantly expressed receptor 
throughout the neuropil region, and a second Mthl receptor, mthl3, is also expressed at 
high levels, although it is restricted to the abdominal neuromeres.  
In the eye disc, both the A and C variants of mthl10 are expressed in the 
morphogenetic furrow as well as adjacent vertex, that develops into ocelli and 
neighboring head epidermal tissue.  In the vertex, expression of the C variant appears 
to be restricted to the dorsal region near the emerging ocelli and at the border between 
eye and antennal discs.  mthl10 is joined by mth, mthl3, mthl4, mthl6 and mthl8 in the 
morphogenetic furrow and surrounding vertex (Figure 2.5). mth is highly expressed in 
large groups of undifferentiated cells within the morphogenetic furrow, especially in the 
central region. While it does not appear to be expressed in cells immediately behind the 
furrow, low levels of mth are detected in maturing photoreceptors near the posterior end 
of the disc (Figure 2.5) (Wolff and Ready, 1991). mthl8, mthl4 and mthl6 are detected 
throughout the width of the morphogenetic furrow, but of these, only mthl8 is expressed 
uniformly posterior to the furrow (Figure 2.5). These latter receptors are also expressed 
in overlapping regions of the vertex primordium and in the concentric circles of the 
developing antennal region (Figure 2.5). mthl10 expression in the developing antennal 
region appears to be primarily the A variant, as the C probe remains clean.   
Variant A of mthl10 also appears to be partially restricted to the wing blade 
region, while Variant C enjoys widespread, albeit low, expression in the presumptive 
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wing blade and hinge region (Figure 2.5) (Klein, 2001). A subset of cells within the 
notum also appears to express fairly high levels of the C variant. Four other Mthl 
receptors join Mthl10 in the wing disc, and they tend to highlight the folds of this tissue 
as they are expressed in the border cells.  mth is highly expressed in the cells at the 
center of the disc which form the wing margin and, while mthl4 is weakly expressed in 
this same region, it is expressed at higher levels in the boundary cells of an adjacent 
fold (Figure 2.5). mthl3 is also highly expressed in the center region of the wing disc, 
known to form the wing surface, while mthl3 is expressed in cells at the periphery of the 
notum (Figure 2.5). Finally, mthl6 is lightly expressed in wing blade as well as in border 
cells of the hinge region.  
Three members of the Mthl family, mth, mthl10 and mthl6, are expressed in 
overlapping regions of the leg disc. Of these, mthl6 seems to be slightly higher in the 
regions that ultimately form the coxa, thorax, and body wall, while mthl10 is stronger in 
the inner circles that give rise to the femur and tibia (Figure 2.5).  
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Figure 2.5. Expression of Mthl receptors in third instar larval CNS and imaginal 
discs. In situ hybridization with sense and antisense RNA probes are shown of 
dissected CNS and imaginal discs as indicated at top and for each Mthl gene indicated 
on the left. Absence of expression is denoted by negative. Abbreviations: OL, optic lobe; 
CB, central brain; VNC, ventral nerve cord; TN, thoracic neuromeres, AN, abdominal 
neuromeres; PRC, photoreceptor cells; MF, morphogenetic furrow; VP, vertex 
primordium; AD, antennal disc; VS, ventral surface; M, margin; DS, dorsal surface; DH, 
dorsal hinge; N, notum; Ts, tarsal segments; Ti, tibia; F, femur; T, trochanter; C, coax. 
(This work was preformed by my fellow student Ms. Dana Hallal). 	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Receptors not expressed in embryos or larval tissue 
Of the fifteen members of this receptor family, we could not detect expression of 
mthl2, l7, and l12 in whole embryos or third instar brain and imaginal discs. Because 
Mthl2 has a high level of sequence similarity to Mth (71%), Mthl2 probes were tested on 
loss- and gain-of function mutant mth embryos. An in situ hybridization performed on 
null mth embryos failed to detect expression for either mth or mthl2 although mth was 
readily detected in heterozygous mutant embryos (Appendix A). Conversely, exon 
probes for mthl2 failed to hybridize to a UAS-Mth transgene, even when this 
recombinant product was expressed at high levels in a subset of neurons using a Ftzng-
Gal4 driver.  This specific expression is readily detected by both Mth exon and full 
length probes (Appendix A).  However, as we did not examine the larval gut or body 
wall, pupal or adult tissues, we cannot rule out expression in these locations.  Indeed, 
high throughput deep sequencing studies suggest low levels of expression for these 
genes in pupae and adults (Daines et al., 2011).  
 
Evolutionary analysis 
 To help understand the relationship between these expression patterns, 
and the repertoire of this gene family in D. melanogaster (Good et al., 2006; Presgraves 
et al., 2003; Smith and Eyre-Walker, 2002), we investigate the evolutionary history of 
this gene family in selected insect species, where orthologs have either been previously 
identified (Hauser et al., 2008; Hill et al., 2002) or were easily identified in reciprocal 
BLAST searches of annotated genomes of five Drosophila species (D. virilis, D. 
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mojavensis, D. pseudoscura, D. yakuba and D. melanogaster). In addition we included 
orthologs from two basal insects: the red flour beetle (Tribolium castaneum), and the 
mosquito (Anopheles gambiae). Like others (Fan et al., 2010; Hill et al., 2002), we used 
the latrophilin adhesion-like receptor (CG8639) as well as two other more divergent 
adhesion receptors (CG15556, CG11318), as outgroups in our Bayesian analysis.  
The gene tree revealed that the Mthl gene family is divided into four, 
approximately equally old subfamilies. Three of these, defined by mthl1, l5, and l14, are 
small and defined in all species examined (Figure 2.6), except for the lack of a mthl14 
ortholog in Tribolium. In addition, we found a divergent, probably ancient, but apparently 
lineage specific homolog (AgP011643) in Anopheles.  
All of the remaining D. melanogaster Mth paralogs, however, constitute the fourth 
subfamily, which includes mth, mthl2, mthl3, mthl4 and mthl6 to mthl13, and to which 
we will refer as the ‘Drosophila Mthl superclade’. Moreover, gene tree analysis strongly 
supported a relatively recent diversification of most of the Mthl superclade members 
after separation of the lineages to mosquito and the Drosophila genus. This was 
suggested by the presence of a singleton ortholog to this clade in Tribolium (Tc010567) 
and the mononphyly of the three orthologs found in Anopheles (Figure 2.6), implied 
independent moderate expansion by gene duplication in the mosquito lineage. 
The differential conservation of Drosophila Mth superclade homologs within 
different Drosophila species suggests a complex pattern of gene gain and gene loss 
events. Accordingly, the earliest duplication in the cluster generated the highly 
conserved mthl10 group, which did not experience further duplications. In contrast the 
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complementing branch continued to experience at least five rounds of duplications prior 
to the emergence of the different Drosophila species, followed by Drosophila sublineage 
specific duplication and possible paralog loss events. The gene tree structure 
specifically suggests that three distinct clades emerged before speciation of D. 
mojavensis and D. virilis (the oldest Drosophila species studied), and that additional 
gene expansion events have taken place after the separation of D. pseudobscura and 
D. yakuba (Figure 2.6, grey arrow). Within this subgroup, the earliest duplication gave 
rise to the precursor of the Mthl8 and Mthl9 receptors, which, while related, have 
diverged significantly from other Mthl family members. The failure to detect mthl8 in D. 
yakuba suggests that it may have been lost in this species.  
 Mthl11 defines another distinct duplication in this more recent assembly with 
pairs of orthologs in D. virilis, D. pseudoobscura and D. yakuba, but no ortholog in D. 
mojavensis.  In this case, it is at present difficult to decide whether the mixed pattern is 
the result of independent duplications or selective gene loss after an early duplication. 
After duplication of the mth ortholog in an ancestor to D. pseudoobscura and 
everyone else in this group (pse19967), several duplication events resulted in the 
fixation of eight new paralogs found primarily in D. yakuba and D. melanogaster. This 
includes two groups of closely related receptors: mthl6, l7, l12, and l13 forming one 
clade, and mth, mthl2, l3, and l4 forming another clade. Within the final clade, mthl2 is 
the most closely related to mth, while mthl3 and l4 are very similar to each other.  
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Figure 2.6. Phylogenetic analysis of the Mth/Mthl family. (A) Bayesian tree of the 
Mth gene family in Tribolum, Anopheles, and five Drosophila species. The species 
used in thsianalysis are abbreviated as follows: Tc (Tribolium castaneum), Ag 
(Anopheles gambiae), Dm (Drosophila melanogaster), Pse (Drosophila 
Pseudooscura), Vir (Drosophila virilus), Moj (Drosophila mojavensis), and Yak 
(Drosophila yakuba). The Drosophila melanogastor and Tribolium castaneum 
Latrophilin receptors are used as an outgroup. Two Drosophila melanogastor 
adhesion receptors (CG11318 & CG15556 have also been included in the analysis. 
The groups on the right indicate the corresponding Drosophila melanogaster 
ortholog. Black and gray arrows indicate major gene expansion time points. Gray 
dots on the branches indicate a posterior probability between 0.95-1.00. All other 
branch points have a posterior probability between 0.80-0.94 and all branches with a 
posterior probability below 0.80 were collapsed.  	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Expression of the singleton Mthl superclade ortholog in the Tribolium embryo  
Our phylogenetic analysis revealed that the Tribolium Tc010567 gene is a 
singleton ortholog of the Drosophila Mthl superclade. Given the widespread expression 
patterns of the corresponding Mthl paralogs in D. melanogaster, it was of interest to 
examine the expression pattern of Tc010567 in Tribolium, as a first step towards 
understanding the extent of potentially novel versus ancestral functionalities in the 
Drosophila Mthl superclade. Accordingly, sense and anti-sense probes were created 
from a cDNA fragment of Tc010567 and used to probe a collection of wild type embryos 
by whole mount in situ hybdridization. 
Compared to the sense strand controls, these experiments revealed 
unambiguous expression of Tc010567 in only two/three regions during embryogenesis. 
First expression could be detected in a pair of bilaterally corresponding cell patches at 
the early germband retraction stage (Figure. 2.7, A), which seemed to reside laterally of 
the developing foregut at the border between the procephalic and gnathal head region. 
Close inspection from lateral and frontal perspective suggests that these cell groups 
represent cellular monolayers with a roundish circumference (Figure. 2.7, B, C). The 
identity of these clustered cells is not yet known but we were intrigued with the similarity 
of this expression to that of the mthl10 ortholog in the D. melanogaster crystal cells.  
By the later germ band extension stage, these Tc010567-positive cell groups 
have taken a slightly enlarged and overall ball-like shape (Figure. 2.7, D, E). At the 
same stage, a domain of broad expression can be noted in the peripheral cell layer of 
the extending hindgut (Figure. 2.7, F). Moreover, there seems to be a small segmentally 
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repeated focal expression in a single cell or small group of cells of the lateral body wall, 
which however is likely very transient because it could only be detected at the later 
germ band retraction stage. In contrast, the strong expression domains in the anterior 
cell groups and the hindgut were consistently detected in a broader range of 
developmental stages. In late embryos, that completed dorsal closure, the Tc010567-
positive cell groups appear to have been replaced by a new strongly Tc010567-positive 
cell group that is situated between the head and the thorax, resting on the dorsal side of 
the foregut (Figure. 2.7, G, H). 
Taken together, the very selective expression of Tc010567 in the Tribolium 
embryo was strikingly different from the wide spread of expression domains of the 
corresponding Drosophila Mthl superclade, indicating the acquisition of novel 
functionalities by gene family expansion during the more recent evolution of the 
Drosophila lineage.  
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Figure 2.7. Expression of the Tribolium Mthl gene (Tc010567) during 
embryogenesis. In situ hybridization of whole mount embryos with antisense RNA 
probes are shown. Anterior is to the left. (A-C) An embryo during germ band retraction 
shows expression in the head region in a lateral view. The embryo is dissected along the 
dotted line to reveal expression in two bilaterally symmetrical cells. (C) A higher 
magnification of the lateral view. (D-F) During early dorsal closure expression in the 
head region continues and is clearly located around the emerging foregut. There is 
additional expression in a small repeated pattern of cells along the lateral body wall (D, 
arrows) and in the lining of the hindgut. (G-H) A embryo at the prehatching stage shows 
expression in a single median cluster in the head region. A cross sectional view along 
the dotted line illustrates the location of these cells to be just above the emerging foregut 
depicted with a dotted 	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DISCUSSION 
Together, our expression and phylogenetic analysis point to an exceptionally 
dynamic expansion of the Mthl receptor family in Drosophila, which was very likely 
associated with the acquisition of novel expression domains. The ancient Tribolium 
singleton ortholog is selectively expressed in only two embryonic tissues, but in 
Drosophila, the newly derived Mthl genes are expressed in a variety of embryonic and 
larval tissues, often in complementary overlapping patterns. While the diverged modes 
of embryonic and postembryonic development between Tribolium and Drosophila 
complicate detailed comparison, our data for instance are sufficient to rule out a role of 
mthl genes in ventral appendage formation in contrast to the Drosophila situation. 
Overall, the diverse expression patterns in Drosophila strongly suggest that Mthl 
receptors have undergone functional innovation following gene duplication.  
Phylogenetic analysis splits the Mthl family into four ancient subfamilies. One of 
them is in addition defined by the presence of the “Mth ectodomain” originally 
characterized in Mth (West et al., 2001).  The Tribolium singleton gene (TC010567) has 
this signature ectodomain and therefore, it is reasonable to assume that its expression 
in the hindgut and the presumptive crystal cells (but minimally mesoderm cells) 
represents the ancestral expression pattern of receptors carrying the Mth ectodomain. 
The Tribolium ancestor is orthologous to a dipteran gene that duplicated many times, 
giving rise to ultimately all other Mth-l paralogs carrying the Mth ectodomain (Fan et al., 
2010; Hill et al., 2002). The comparison between Tribolium and Drosophila suggests 
that all ancestral functions were inherited by individual Drosophila mth paralogs, as a 
consequence of subfunctionalization. The Drosophila mthl10 paralog is expressed in 
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crystal cells of the embryo, and mthl9 paralog seems to have preserved an ancestral 
function in hindgut development. Interestingly, mthl10 forms a tight linkage group with 
both mthl9 and mth on the third chromosome within the intron of the ptpmeg gene of D. 
melanogaster. Thus, it seems possible that the earliest duplication in the Drosophila 
mthl superclade resulted into the subfunctionalization of crystal cell and hindgut 
patterning.  
Duplication may have allowed mthl9 to expand its expression to include the 
foregut, while mthl8, yet another duplicate, rapidly diverges to pick up novel robust 
expression in the larval CNS of D. melanogaster, while being lost in D. yakuba based on 
current gene annotations in this species. The mesodermal expression observed with the 
Tribolium ancestor is also consistent with the mesoderm expression of other Drosophila 
paralogous Mth-l receptors (l5, l11, l13). 
After duplication, the mthl10 gene of Drosophila also expanded its expression 
pattern.  Of particular interest is the development of mthl10 expression in both the 
imaginal discs and their embryonic precursor cells (including histoblasts). Interestingly, 
mth, which is also chromosomally linked to mthl10, enjoys a complementary expression 
pattern in the embryonic dorsal pouch, known to be important in establishing the 
imaginal discs in the head region (Bate and Martinez Arias, 1993; Campos-Ortega and 
Hartenstein, 1997), and overlaps with mthl10 in the larval CNS and the imaginal discs 
themselves. Expression of mth in the larval CNS is consistent with previous studies on 
its role in the larval neurons innervating muscles (Song et al., 2002).  Defects in 
imaginal disc development of mth mutants has not been documented in animals 
carrying viable hypomorphic alleles of mth (Lin et al., 1998), but null alleles are 
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embryonic lethal (Lin et al., 1998; Song et al., 2002). Since several other Mthl receptors, 
including Mthl10, l3, l4, l6 and l8, enjoy overlapping expression with mth in the larval 
CNS and/or imaginal discs, some functional buffering (redundancy) between family 
members has probably also occurred.   
After the divergence of D. pseudoobscura and D. yakuba, two new clades of Mthl 
receptors emerge that are clearly very similar to each other, but quite divergent from 
Mthl10. The mthl3 and mthl4 genes are very similar to each other (90% similarity) and 
three orthologs are identified in D. yakuba, which suggests very recent duplication 
within the D. yakuba lineage. These orthologs are more similar to each other than to 
either mthl3 or mthl4 of D. melanogastor.  In D. melanogastor, mthl3 and mthl4 form a 
tandem repeat on the second chromosome, which may help explain the large 
expression overlap observed for these receptors. Divergent regulation is also apparent 
as mthl3 is uniquely expressed in the abdominal neuromeres of the larval CNS. mth and 
mthl2 occupy separate locations on the left arm of chromosome three and share 71% 
amino acid similarity. We failed to detect mthl2 expression in any of the tissues 
examined herein, which is consistent with high throughput RNA sequencing data 
suggesting low levels of mthl2 in pupae and adults (Daines et al., 2011). The wide 
spread expression of mth in both embryos and larvae maybe mechanistically explained 
by its tight linkage to mthl10, while mthl2, in its own location, has minimal expression in 
selected pupal or adult tissue. Divergent gene regulation is also apparent in the final 
cluster of four related Mthl genes: mthl6, mthl7, mthl12 and mthl13.  Neither mthl7 nor 
mthl12 are expressed in any of the tissues we examined, which again is supported by 
high throughput RNA sequencing data (Daines et al., 2011). Meanwhile, mthl6 
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expression is restricted to three of the discs examined – eye, wing and leg and mthl13 is 
highly restricted to the lymph gland of late stage embryos.   
Descendents of Mthl10 lineages are characterized by the presence of the Mth 
ectodomain in their N-terminal domain. Three Mthl receptors, Mthl1, l5 and l14 do not 
contain this Mth ectodomain signature and occupy their own clades between Drosophila 
adhesion receptors (CG11318 & CG15556), and the Mthl10 ancestor. While exhibiting 
significant sequence divergence, both mosquito and Tribolium have orthologs of mthl1 
and mthl5, but only mosquito has a mthl14 ortholog.  In D. melanogastor, mthl1 is the 
only Mthl family member on the first (X) chromosome and gene annotation indicates 
that no introns separate the coding sequence. Assuming the annotation is correct, it 
seems likely that mthl1 probably arose from non-homologous recombination of an 
ancestral, presumably adhesion-like, receptor gene. Meanwhile, mthl5 and mthl14, 
which have introns, probably evolved independently by gene duplication, with the 
sequence of mthl14 rapidly diverging between Anopheles and Drosophila species, and 
missing in Tribolium. Since they do not carry the Mth ectodomain signature, it is unlikely 
that they form the three dimensional structure observed for Mth (West et al., 2001). Nor 
do these receptors carry recognizable adhesion motifs, or other motifs commonly found 
in known adhesion molecules, although they do have glycoslyation sites. Thus, while 
their function remains speculative, their expression patterns are suggestive of roles in 
cell movement during gastrulation (Mthl1), and mesodermal differentiation into heart 
(Mthl5) or gut (Mthl14) tissue.  
Given their shared evolutionary history with adhesion receptors, we speculate 
that these Mthl receptors may be able to couple cell adhesion (even if only through 
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glycosylation chains) to G-protein signaling. G-proteins are known to affect critical 
second messenger pathways (e.g. Ca2+ or cAMP) that are important in regulating cell 
movement and development (Kroeze et al., 2003; Malbon, 2005; Neves et al., 2002). It 
is also interesting that during periods of large-scale morphogenetic movements several 
Mthl family members have overlapping expression patterns, while other receptors are 
more selectively expressed in border cells or a small region, during the cell movements 
associated with organogenesis. For example, during gastrulation, arguably the biggest 
morphogenetic process in embryos, three different family members (Mthl1, Mthl11 and 
Mth) are expressed in overlapping fashion demarcating the emerging mesoderm tissue. 
Similarly, in imaginal discs, several Mthl receptors have complementary expression 
domains that are reminiscent of morphogens like Dpp (decapentaplegic) and Wg 
(wingless) (Pignoni and Zipursky, 1997; Roignant and Treisman, 2009; Treisman and 
Rubin, 1995). Thus, receptors expressed in the discs may be helping to keep these 
cells together during the morphogenetic events underlying disc eversion.  On the other 
hand, particularly in the gut (Mthl9, l10, and l14), but also heart (Mthl5), the expression 
of selected receptors precedes and/or coincides with cell movements associated with 
final organogenesis. Clearly, identifying and characterizing mutations in these genes will 
help test these ideas and establish what the role of these receptors is in the 
development of both the embryo and imaginal discs.  
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CHAPTER 3 
 
Methuselah-like 5 is an essential GPCR involved in the developing Drosophila 
aorta 
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SUMMARY 
G protein-coupled receptor (GPCR) signaling is known to be involved in cellular 
junction formation during Drosophila dorsal vessel development, but an actual receptor 
remains unknown. Here we identify Methuselah-like 5 (Mthl5) as a GPCR specifically 
expressed in the cardiac mesoderm of stage 11 embryos, which by stage 16 becomes 
refined to the cardioblast cells of only the aorta. Loss-of-function mutations in mthl5 are 
lethal and decrease pericardial-cardial cell association in the aorta. Mutants also display 
lumen defects evident by the misalignment of cardioblast cells along the midline and 
absence or relocalization of discs-large and dystroglycan staining from the luminal 
domain. The pericardial-cardial cell dissociation (PCD) phenotype of mthl5 mutants is 
consistent with the ability of null mutations in G-oα47A signaling to also reduce these 
cellular associations. Indeed, mthl5 and G-oα47A physically interact in S2 cells, and 
genetically interact in vivo to enhance the penetrance of PCD defects in the aorta. Over-
expression of a wild type UAS-Mthl5wt transgene in the developing dorsal vessel using a 
Twist;24B-Gal4 line increases the lumen width in both the aorta and heart by 150% and 
20% respectively, compared to wild type. Expression analysis of mthl5 mRNA in loss- 
and gain-of-function Abdominal A embryos indicates that the aorta specific expression 
of mthl5 is not under Abdominal A regulation. Together these data suggest that Mthl5 is 
at least a GPCR used in the developing Drosophila aorta.  
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INTRODUCTION 
Drosophila as a model system to study heart development 
To date more than a thousand human disease genes have identified homologs in 
Drosophila, including genes misregulated in congenital heart diseases. Moreover, 
genes and processes involved in early cardiac specification and later in age related 
cardiac functions are highly conserved between humans and Drosophila (Hoffman, 
1995; Hoffman et al., 2004; Zaffran and Frasch, 2002). In both Drosophila and 
vertebrates, the heart forms at the midline from bilaterally symmetrical mesoderm 
derived cells (Bodmer and Venkatesh, 1998). As the dorsal-ventral axis is reversed 
between these two systems, the heart forms dorsally in Drosophila whereas the 
vertebrate heart is located on the ventral side (Bodmer and Venkatesh, 1998; Tao and 
Schulz, 2007).  Despite these differences, the underlying cellular mechanisms 
regulating precursor determination and differentiation and the early morphogenesis 
events are highly conserved (Figure 3.1) (Bodmer and Venkatesh, 1998). Thus, the 
tools available in Drosophila, its short life cycle and powerful genetics makes it an ideal 
model system to study heart development.  
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Patterning and segmentation of the heart 
Dorsal-ventral axis 
During early embryogenesis, the maternally derived Dorsal protein activates two 
zygotic genes, twist and snail to initiate mesoderm specification. Loss of function 
mutations in either gene inhibits ventral furrow invagination and mesoderm 
differentiation (Grau et al., 1984; Rusch and Levine, 1996; Simpson, 1983). While snail 
plays an essential role in repressing non-mesodermal genes, twist is required to 
Figure 3.1 Drosophila versus mouse heart development. Cartoon showing 
differences and similarities between the fly and mouse heart morphology and genes 
involved during the early stages. In both organisms, a bilateral row of precursors cells of 
mesoderm origin migrate towards the dorsal (A) or ventral (B) midline to form a linear 
tube with an anterior aorta. With kind permission from: Taylor MV. Comparison of 
muscle development in Drosophila and vertebrates. In: Sink H, ed. Muscle Development 
in Drosophila. Georgetown/New York: Landes Bioscience/Springer Science+Business 
Media, 2006: 188, Fig.5. 
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activate downstream mesoderm specific genes. These genes promote the invagination, 
patterning and differentiation of the mesoderm (Figure 3.2).   
 
 
 
 
 
 
 
Both heartless and tinman are expressed throughout the early mesoderm and 
are markers of mesoderm specification. Once the mesoderm invaginates, heartless and 
tinman signaling plays an important role during the migration of these mesoderm cells 
towards the dorsal ectoderm (Beiman et al., 1996; Gisselbrecht et al., 1996; Michelson 
et al., 1998).  
	  
Figure 3.2 Mesoderm specification gene network. Flowchart showing the gene 
regulatory network involved in specifying the mesoderm during gastrulation (red). This is 
followed by further subdivision of roles among downstream genes required for cell 
invagination, migration, and specification to determine the heart cells within the cardiac 
mesoderm region of the dorsal mesoderm (red). And non-mesoderm repression (blue). 
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Inductive signaling by two ectoderm-specific genes decapentaplegic (dpp) and 
wingless (wg) help define boundaries of the germ layers and specification of 
mesodermal domains (Frasch, 1995; Tao and Schulz, 2007; Zaffran and Frasch, 2002). 
Dpp, a secreted molecule of the TGF-beta family is expressed in the ventral limits of the 
dorsal ectoderm coinciding with tinman expression in the ventral limits of the dorsal 
mesoderm (Bodmer et al., 1990). Loss of dpp in the dorsal ectoderm reduces tinman 
expression in the dorsal mesoderm and in turn inhibits cardiac and visceral mesoderm 
specification (Bodmer et al., 1990; Frasch, 1995). Wingless expression in the dorsal 
mesoderm assists in subdividing this region into the inner cardiac plus visceral and 
outer somatic mesoderm layers (Bilder and Scott, 1998; Tao and Schulz, 2007). Once 
these layers are defined, tinman expression is confined to the inner visceral and cardiac 
mesoderm domains. Thereafter, tinman expression is further restricted to cardiac 
specific cells and this expression continues until the end of embryogenesis (Bodmer et 
al., 1990).  
Following restricted expression in the cardiac mesoderm, tinman regulates 
several other genes including hand and mef2 among others that are differentially 
expressed in the cardioblasts and pericardial cells (Bodmer, 1993; Gajewski et al., 
1997; Han and Olson, 2005) constituting the entire dorsal vessel. While hand is 
expressed in all cardioblast and pericardial cells (Kolsch and Paululat, 2002), tinman is 
now restricted to a subset of both cell types (Bodmer et al., 1990).   
Hand is a bHLH protein highly conserved from flies to humans. Drosophila has a 
single hand gene forming the simple linear heart tube, whereas vertebrates posses two 
differentially expressed hand genes forming the left and right portions of the chambered 
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heart (Bodmer and Venkatesh, 1998). Drosophila hand expression begins at stage 11 in 
eleven bilateral segmental clusters of cells in the dorsal mesoderm (Kolsch and 
Paululat, 2002). By stage 16 hand is expressed in the entire heart, lymph glands, 
garland cells and myofibers at the midgut constrictions (Kolsch and Paululat, 2002).  
Heart specific expression is first detected at stage 12 in heart cell precursors located in 
the cardiogenic mesoderm (Figure 3.3A). Hand expression in these cells in fact begins 
after the cells are specified as cardioblasts and pericardial cells. During dorsal closure 
that proceeds from this stage onwards, both cardioblasts and pericardial cells migrate 
together with the overlying ectoderm cells to the dorsal midline (Hartenstein, 1993), 
Figure 3.3B). By stage 16, as the heart tube is formed, hand expression can be 
detected in all cardioblast cells, pericardial cells and lymph glands forming the mature 
circulatory system of the fly (Figure 3.3C-E). The cardioblasts are two rows of 
contractile cells at the dorsal midline enclosing the lumen. These contractile cells also 
express the myocyte enhancing factor 2 (mef2), a conserved muscle specific 
transcription factor required for myogenesis (Bour et al., 1995; Lilly et al., 1994) (Figure 
3.3D, F).  
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Anterior-posterior axis 
While the cardioblasts and pericardial cells are specified in the dorsal mesoderm 
along the dorsal ventral axis, the entire dorsal vessel is specified along the anterior-
posterior axis.  The dorsal vessel spans from thoracic segment 2 (T2) to abdominal 8 
(A8). The tube is narrower in the aortic portion (T2-A5) whereas the posterior heart 
portion (A6-A8) is wider (Lo et al., 2002; Lovato et al., 2002) (Figure 3.4). Interestingly, 
Figure 3.3  Drosophila dorsal vessel morphogenesis. (A-C) Shows mesoderm to 
dorsal vessel morphogenesis in whole embryos. (D) The Drosophila dorsal vessel is 
composed of two rows of cells including the contractile cardioblast cells and structural 
pericardial cells. A small group of other mesodermal cells form the lymph gland in the 
anterior aortic region. (E) Hand-GFP expression in all the dorsal vessel cells depicted in 
D. (F) Anti-Mef2 staining highlights only cardioblast cells in the entire dorsal vessel.  
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the homeotic genes Ultrabithorax (Ubx) and Abdominal A (abd-A) specify the aorta and 
cell identities, respectively (Lovato et al., 2002; Ponzielli et al., 2002). In both 
vertebrates and invertebrates, the expression pattern of Hox genes provides the 
blueprint for diverse morphological features along their anterior-posterior axis (Gellon 
and McGinnis, 1998). Four hox genes (Antennapedia, Ultrabithorax, Abdominal-A and 
Abdominal-B) in Drosophila have non-overlapping and mutually exclusive expression 
patterns along the dorsal vessel defining morphological differences along its anterior-
posterior axis (Gellon and McGinnis, 1998; Ponzielli et al., 2002) (Figure 3.4).  
 
 
Do posterior homeotic genes down-regulate anterior genes to define domains 
within the visceral mesoderm as is the case in the ectoderm? Loss-of-function 
mutations in AbdA allows Ubx expression to extend posteriorly into the heart. Extended 
Ubx expression morphologically defines the entire dorsal vessel as aorta with a narrow 
lumen (Lovato et al., 2002). On the other hand, a loss-of-function mutation in Ubx does 
Figure 3.4 Hox gene specification of the dorsal vessel along the anterior-posterior 
axis. Simplified dorsal vessel picture showing segmental specification by hox genes 
Antennapedia (Antp in A1), Ultrabithorax (Ubx in A2-A5), Abdominal A (AbdA in A6-A8) 
and Abdominal B (AbdB in A8).  
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not affect Abd-A expression (Ponzielli et al., 2002). Conversely ectopic expression of 
Abd-A in the mesoderm reduces Ubx in the aorta and transforms the entire dorsal 
vessel into a heart with a wide lumen (Lovato et al., 2002; Ponzielli et al., 2002). Thus 
Hox genes play an important role in defining the dorsal vessel domains along the 
anterior-posterior axis defining morphological differences that will contribute to specific 
functional attributes.  
 
Tube morphogenesis 
Once the cardioblast and pericardial cells align along the dorsal midline (Figure 
3.3 D-F), they begin forming cellular adhesion points between and among adjacent cells 
to maintain cardiac integrity.  During dorsal vessel maturation cell-cell adhesion occurs 
on three distinct cardioblast membrane domains.  
 
 
 
 
 
 
Figure 3.5 Cellular junctions in the dorsal vessel. (A) Cartoon showing the three 
adherens domains in the cardial cells and pericardial cells that are characterized by 
three different junctions. (B) Cross section of the lumen showing contact between 
two opposing cardial cells and the location of the junctional domain marker discs-
large and the luminal domain marker dystroglycan.  
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The adherent domain (type 1) forms between cardioblasts cells on opposite sides 
of the midline that is required to form the future dorsal vessel lumen.  The basal-lateral 
adherent domain (type 2) forms between adjacent cardioblast cells while the pericardial 
adherent domain (type 3) occurs between cardioblast and pericardial cells (Medioni et 
al., 2008; Yi et al., 2008) (Figure 3.5). The conserved guidance signal slit is implicated 
in the formation of type 1, type 2 and type 3 contacts (Helenius and Beitel, 2008; 
MacMullin and Jacobs, 2006).  While septate junction proteins such as Neurexin-IV are 
required to maintain type 1 contacts, a number of Drosophila integrins regulate and 
maintain the formation of type 2 contacts. Yi et al. (2008) identified a potential role for 
septate junction proteins and heterotrimeric G protein subunits in maintaining type 3 
contacts. Septate junctions play an important role in connecting adjacent membranes in 
both the nervous system and epithelia of insects. Interestingly, septate junctions are 
analogous to vertebrate tight junctions as both contain highly conserved adhesive 
membrane and intracellular linker proteins (Hortsch and Margolis, 2003).  
Surprisingly, the Drosophila dorsal vessel does not contain actual septate 
junctions. Nevertheless, loss-of-function mutations in several septate junction proteins 
result in the type 3 phenotype whereby cardioblasts and pericardial cells are dissociated 
(PCD phenotype) (Yi et al., 2008). Dissociation phenotypes observed in the septate 
junctions proteins are highly reminiscent of those seen with mutations in the 
heterotrimeric Gγ1 subunit. The Gγ1 subunit is a target for geranylgeranylation by the 
HMG-CoA reductase that was identified in a heart specific screen to induce the type 3 
phenotype (Yi et al., 2006; Yi et al., 2008). Interestingly, correct localization of these 
septate junction proteins required Gγ1. 
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Heterotrimeric G proteins consist of α, β, and γ subunits covalently bound in an 
inactive state. Once activated the trimeric G protein dissociates into the α and βγ 
subunits. These then activate a plethora of downstream effectors in the cell (Malbon, 
2005; Neves et al., 2002). Interestingly, mutations in both G-oα47A and Gβ13F induce 
the same PCD phenotype (fully penetrant) as Gγ1 (Yi et al., 2008). While the Gα 
subunit can activate a different set of pathways, it plays an important role in maintaining 
the activation state of free βγ subunits.  To differentiate between these two possibilities, 
Yi et al (2008) tested constitutively active and dominant negative gain-of-function 
mutations in the G-iα65A subunit. While the constitutively active G-iα65A can activate 
G-oα47A pathways the dominant negative form can bind to free βγ subunits. Activation 
of G-oα47A pathways induces the dissociation phenotype while sequestering βγ 
subunits alone does not (Yi et al., 2008). Thus while G-oα47A is activated in these cells, 
the actual receptor that activates G-oα47A is unknown. 
In the septate junctions that form the Drosophila blood brain barrier (BBB), the 
heterotrimeric G proteins G-iα65A/G-oα47A, Gβ13F, and Gγ1 are activated downstream 
of the GPCR, moody (Bainton et al., 2005). These findings suggest a potential role of 
GPCR mediated signaling in maintaining cell-cell contacts in the Drosophila dorsal 
vessel. While several components of blood-brain barrier formation are expressed in the 
heart and required for cell-cell adhesion, the GPCR moody does not induce a heart 
phenotype (Yi et al., 2008). In a gene expression analysis of the Methuselah family of 
GPCRs in the developing embryo (Patel et al, unpublished) we identified mthl5 as a 
GPCR expressed at high levels in the dorsal vessel. Thus, this chapter characterizes 
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the expression and function of this novel GPCR in the development of the embryonic 
heart.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	   	   	   	  
	  
107	  
METHODS 
Mutant generation: FLP-FRT deletion generation methods were utilized as described 
(Parks et al., 2004). We selected two transposon elements flanking the Methuselah- like 
5 region and these included WH-CG6962 [f05936] and XP-CG31368 [d01944]. Males 
carrying one element are mated with females carrying the FLP recombinase transgene.  
Progeny males form this cross are then crossed with females carrying the other 
transposon. After two days, parents and progeny were subjected to a 1h heat shock in a 
water bath at 37°C. Parents are removed after 72h of total egg laying and the progeny 
are heat shocked at 37 for the next 4 days. Thereafter progeny were raised at 25°C until 
hatched. Virgin females were collected and crossed to males containing balancer 
chromosomes and balanced stocks were generated for several lines.  Once balanced 
stocks were generated, we carried out PCR analyses using purified genomic DNA from 
homogenized flies from each mutant line and wild type (Parks et al., 2004). Five adult 
flies were homogenized in Buffer A (100mM TrisHCL 7.6, 100mM EDTA, 100mM NaCl 
and 0.5% SDS) in a 0.5ml tube and incubated at 65C for 15 minutes.  The DNA was 
precipitated with 3M KOAc and washed with cold isopropanol. After drying, the pellet is 
resuspended in 100ul TE buffer and stored as described in (Parks et al., 2004). In each 
case hybrid PCR was carried out on the DNA using the suggested primer (Parks et al., 
2004), these were WH5’ PLUS – GACGCATGATTATCTTTTACGTGAC, AND XP5’ 
MINUS – AATGATTCGCAGTGGAAGGCT. The expected product size is 1.8kb.  
 
RT PCR analysis: Wild type and mutant embryos were collected for 4 hours and aged 
for about 13 hours. Embryos are briefly dechorionated and heterozygous versus 
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homozygous embryos are separated based on the presence or absence of the Dfd-YFP 
reporter on the balancer chromosome. For wild type the entire collection of embryos is 
utilized. RNA extraction is performed using buffer with 1% sarkosyl, precipitated and 
resuspended in DEPC treated water. 200ng of total RNA is used as a template for RT 
PCR analysis using the following gene specific primers, 5’ Mthl5- 
ACASTAGCGGCCGCATATGCTCGTAAAAAC AND 3’ Mthl5- 
GTATCTAGAGTAATCGTTGCCGTTCATATA.  
Flourescent in situ hybridization: RNA probe generation: DNA templates were 
generated using the following primers, 5’ mthl5T7- AATACGACTCACTATAGGG 
ATGCTCGTAA AAACGC, AND 3’ mthl5T3 – CCGTTGCTAATG AGGGAAATCACT 
CCC AATTAA. PCR templates were purified using a PCR Purification kit (Qiagen) and 
quantified using a Nanodrop. 1ug DNA template was used in each in vitro transcription 
reactions to generate sense and anti-sense probes.  We generated DIG-labaled RNA 
probes using the RNA labeling kit (Roche) with T7 and T3 polymerases. The 
transcription reaction was incubated at 37°C for 2h, DNAse treated at 37°C for 15 
minutes and the reaction stopped by adding 0.2M EDTA pH 8. The synthesis is verified 
by gel electrophoresis followed by purification.  
In situ hybridization: Embryos are collected from grape-agar plates using 0.02% 
PBTriton X-100.  Embryos are dechorionated for 5 minutes with 30% bleach in 0.02% 
PBTx, washed 3X and fixed for 20 minutes in equal parts heptane and fresh 4% 
paraformaldehyde/PBS. The lower phase is removed and replaced with equal volume 
methanol and embryos vortexed at maximum for about 1 minute to remove the vitelline 
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membrane. Embryos were then rinsed quickly 3X with methanol followed by 3X with 
100% ethanol and stored at -20C till needed.  
All steps for the in situ were followed as previously described (Kosman et al., 
2004). All steps are carried out at room temperature unless otherwise indicated. 
Embryos from -20C are washed with ethanol and treated with 90% xylenes for 1 h 
followed by several ethanol and methanol washes. Embryos are post-fixed in PBTween 
20 + fresh 5% formaldehyde, treated with a 1:2000 dilution of 20mg/ml proteinase K 
(Ambion) and fixed again in PBTween 20 + fresh 5% formaldehyde. The embryos are 
washe with several incubations in 50% hybridization solution (50% formamide, 5X SSC, 
0.1 mg/ml herring sperm DNA, 0.05 mg/ml heparin, 0.1% Tween 20, made fresh and 
stored at 4°C for no more than one week) in PBT. Incubate the embryos in only 
hybridization solution for up to one hour in a 55°C water bath, changing the solution 
twice, one shortly after the incubation begins and once again 30 minutes later. 
Periodically invert the tubes to break up clumps of embryos. For each tube, we prepare 
a solution containing 500ng probe in 500µl hybridization solution, heated for 10 minutes 
at 65°C to denature the probe. Remove hybridization solution from tubes containing 
embryos and replace with solution plus probe. Incubate in 55°C water bath overnight for 
20-24 hours with periodic stirring of embryos shortly after the incubation begins and 
once before leaving overnight. The next day, embryos are washed 3X with hybridization 
solution at 55°C followed by 1X in 50% hybridization solution + PBT and finally rinsed in 
PBT alone with rocking.  
Make 20% blocking solution (Roche 1921 673) in PBT fresh. Make stock 
amplification bugger solution by mixing 1µl hydrogen peroxide with 200µl amplification 
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buffer (TSA kit # 20912, Molecular Probes). Making a 300µl working solution for each 
embryo tube by mixing 3µl of the stock solution with 297µl amplification buffer.  
Block embryos for 30 minutes in blocking solution. Replace with 1:400 dilution of 
ms-Biotin anti-DIG (Jackson Immunoresearch) in blocking solution and incubate 
covered in foil for 2 hours with rocking. Wash 4X with PBTween 20. Add 1:100 dilution 
of streptavidin- HRP (TSA kit) in blocking solution, cover in foil and incubate for 2 hours 
with rocking. Wash 4X in PBTween 20. Mix 300µl amplification buffer and 3ul labeled 
tyramide solution and add to the embryos. Rock for 10-15 minutes away from light, 
wash 3X PBTween 20. Rock in 70% glycerol/30% PBT for 10 minutes for storage at -
20°C for no more than 3 weeks.  For imaging place embryos on slide with minimum 
liquid, add vectashied and mount by placing small coverslips on either side followed by 
larger coverslip over the embryo so as not to squish them.  
Cloning: The following primers were used to clone full length mthl5 into the pUAST 
vector. 5’ full length - AATA GCGGCCGC ATGCTCGTAAAAAC and 3’ full length - 
CCGC TCTAGA TCAGTAATCGTTGCC. The 5’ primer contains a Not 1 site whereas 
the 3’ primer contains an Xba1 site.  Insert DNA was obtained by RT PCR from total 
embryonic RNA. The vector and insert were ligated using T4 DNA ligase (Promega) and 
transformed using DH5α cells (Invitrogen). The DNA was sent to Duke University for 
injections and one of the transformants (#AM7C) was selected for all analyses.  
A full-length mthl5 insert containing a 5’ FLAG sequence was PCR amplified from 
total embryonic cDNA (Han Lab, UM) using the following primers with Not1 and Xba1 
sequences to clone into pUAST. 5’ FLAG-Mthl5 – 
ATATAGCGGCCGCTAATATGGATTACAAGGACGATGACGATAAGCTCGTAAAACGC
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TT and 3’ Mthl5- GTATCTAGAGTAATCGTTGCCGTTCATATA. We also PCR amplified 
a ΔC (missing C terminus) mthl 5 with a FLAG tag to clone into pUAST using the above 
5’ primer with Not1 and the following 3’ primer with Xba1, 3’ Mthl5- 
GTATCTAGAGTAATCGTTGCCGTTCATATA. The full length FLAG clone in pUAST 
was used for site directed mutagenesis to create a putative hyperactive form (mutate 
serine/threonines in C terminus to alanines). Site directed mutagenesis.  The following 
primers were used to mutate the serine/threonines to alanines in the C terminus, 5’ at 
1427 – 5’ATGAGCCACCGGCGGCAAACGACTGG, and 3’ at 1426 – 5’ 
TGTAGCAGCAGGCCTTTTTCAGCAGAAATGCCACATGTCGCTGGCG.    The 
Phusion (Finnzymes, F-541) kit was used to carry out a 2 step PCR for mutagenesis of 
full length mthl-5 in pUAST.  The large PCR products were ligated with Quick T4 DNA 
ligase and transformed.  Five transformants were analyzed by sequencing.   
Both the ΔC and hyperactive constructs were injected (Ying Zhao, Han lab, UM). 
Transformants were recovered and mapped and an individual homozygous line 
maintained for each mutant. 
Coimmunoprecipitation: Cell transfection and coimmunoprecipitation experiments 
were carried out as described by (Han et al., 2004; Wang et al., 2003).  
Fly constructs and genetics: The following fly stocks were used: Hand-GFP (Han et 
al., 2006), Goα-47A (Fremion et al., 1999), abdAMX1 (Bloomington stock center), 
mthl5AD5. Conventional breeding strategies and/or recombination techniques were used 
to combine gene mutations (e.g. mthl5AD5 and Goα-47A) along with the Hand-GFP 
marker in the same fly. For overexpression studies we used: Hand-Gal4 (Han et al., 
2006), Twist;24B-Gal4 (Greig and Akam, 1993),UAS-Mthl5wt, UAS-Mthl5HA, UAS-
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Mthl5DN, UAS-AbdA (Bloomington Stock Center), UASAbdARNAi (Bloomington Stock 
Center). 
Immunohistochemistry: Immunostaining of embryos are carried as described in (Yi et 
al., 2008). Briefly, embryos are collected for 2 hours and aged to stage 16. Embryos are 
collected from grape-agar plates using NaCl-Triton X and briefly dechorionated in a 
restrain filter with 50% bleach. Embryos are washed and fixed in 3ml heptane + 3ml of 
4% formalydehyde for 20 minutes, cracked in methanol, washed and stored in 100% 
ethanol. Embryos are then washed in a graded ethanol series with PBTween and 
blocked for 1-4 hours in 1-2% bovine serum albumin in PBTween. Embryos are 
generally incubated in the primary antibody overnight at 4°C, and in the appropriate 
secondary antibody for 2 hours at room temperature. Stained embryos are mounted in 
70% glycerol and vectashield for imaging. The following antibodies were used, Anti-
Mef2 (gift from B. Paterson), Anti-Discs-large (DSHB), and anti-dystroglycan (Deng et 
al., 2003). Primary antibodies were detected with Cy2 and/or Cy3 conjugated secondary 
antibodies (molecular probes).  
Mutant phenotype analysis: Overnight embryo collections are dechorionated and 
placed on grape agar plate to score phenotypes in live stage 16/17 embryos. Live 
embryos are also mounted on a slide with glycerol and vectashield for imaging.  
Lumen width measurements: Embryos are collected for three hours and aged to 
stage 17. Embryos are dechorionated and placed on grape-agar plates to take pictures 
using a dissecting scope. The lumen width is measured along three points in the aorta 
and heart each using the computer software. This is repeated for ~50 embryos for each 
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genotype and an average calculated. The wild type measurement is arbitrarily set to 1 
and all other measurements re-calculated accordingly.  
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RESULTS 
Expression of mthl5 in the dorsal mesoderm and aorta 
 In stage 11 embryos, mthl5 mRNA is detected in a cluster of cells in each of the 
eleven parasegments (PS2-12) of the dorsal mesoderm (Figure 3.6A) (Azpiazu et al., 
1996; Lawrence et al., 1995). These parasegments coincide with the ectodermal 
segments and highest expression is detected in the anterior (A domain) cardiac 
mesoderm primordia of each segment compared to the posterior visceral mesoderm (P 
domain) (Figure 3.6A). Embryos are counterstained with a mesoderm marker, Dmef2 
which is expressed in the inner (cardiac and visceral) and outer (somatic) mesoderm in 
all thoracic and abdominal segments (Figure 3.6B) (Lilly et al., 1994). mthl5 expression 
overlaps Dmef2 in the inner (dorsal) mesoderm layer in all segments (Figure 3.6C). 
During germ band retraction (stages 11 and 12), the cardioblast progenitors undergo a 
mesenchyme to epithelial transition and by stage 13, the epithelial-like cardioblast cells 
form a single layer along the dorsal leading edge (Figure 3.6D) on both sides of the 
embryo. Additional expression of mthl5 is observed in several thoracic and abdominal 
muscles along the lateral wall of the embryo (Figure 3.6D). In stage 13 embryos, Dmef2 
is expressed in all cardioblast cells of the dorsal vessel and the somatic musculature 
(Figure 3.6E). mthl5 expression overlaps mef2 staining in cardioblast cells from 
segments T2-A4 as well as in some lateral wall muscles (Figure 3.6F). A closeup shows 
that mthl5 is expressed in a punctate pattern in most but not all cardioblast cells along 
the dorsal leading edge (Figure 3.6D-F insets). As dorsal closure proceeds through 
stage 15, mthl5 expression is detected in all cardioblast cells from the T2/T3 – A4 
segments that constitute the aortic region of the dorsal vessel (Figure 3.6G-I). mthl5 
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expression is clearly absent from the cardioblasts of the heart (segments A5-A8). Thus, 
Mthl5 is a GPCR expressed in the developing Drosophila heart and specifically in the 
contractile cardioblast cells of the aorta.  
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  Figure 3.6. Expression of mthl5 in the cardiac mesoderm and dorsal vessel. Shown are whole mount embryos between stages 11 and 15 with antisense RNA probes against Mthl5 (red; A, D, G) or anti-Mef2 (green, B, E, H), which highlights 
cardioblast cells of the dorsal vessel. Channels merged (G-I).  Anterior is to the left 
and dorsal up. Lateral views are shown except (G-I) which are dorsal views.  (A-C) 
mthl5 expression is predominantly detected in the anterior region of each 
parasegment 2-12 overlapping with anti-Mef2 in the cardiac mesoderm only. (D-F) 
mthl5 expression in the cardioblast cells along the dorsal leading edge overlaps with 
anti-Mef2 up to segment A5, as well as in several dorsal muscles. (D-F inset) shows 
that mthl5 is expressed in a smaller group of cells along the dorsal edge compared to 
Mef2 expression. (G-I) mthl5 is expressed in cardioblast cells of the aortic region 
overlapping with anti-Mef2 from segments T3 to A5, as well as some low expression 
in the thoracic dorsal muscles. 	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Generating a mthl5 null  
 We generated a loss-of function mutant for mthl5 using the FLP-FRT 
recombination technique (Parks et al., 2004). We obtained FRT containing P element 
lines on the five prime (XP(-)CG31368[d01944], reverse orientation) and three prime 
(WH(+)CG6962[f05936], forward orientation) end of the mthl5 gene region (Figure 
3.7A). These lines are crossed to place both P elements in trans on the third 
chromosome along with the temperature sensitive FLP recombinase gene on the X 
chromosome.  Progeny embryos are heat shocked at 37°C to activate the FLP 
recombinase, which in turn mediates trans-recombination between the FRT sites. 
Resultant deletion lines consist of the hybrid element containing a UAS sequence and 
flanking regions of each initial P element with a loss of the white gene (Figure 3.7A). 
Using P element specific primers (Figure 3.7A, Parks et al., 2004) we PCR screened 
five w- deletion progeny expected to lack the intervening sequence between the two 
original P elements. We obtained two positive lines (AD5, A2) of which mthl5AD5 is 
described in detail below (Figure 3.7B). The mthl5AD5 deletion allele is homozygous 
lethal and maintained over a TM6B balancer of the third chromosome that carried a Dfd-
YFP reporter. The pHand-GFP reporter on the X chromosome in these stocks allows 
easy visualization of the entire mature dorsal vessel that aids in phenotypic analysis 
without the need for immunostaining. Using the Dfd-YFP reporter on the third 
chromosome we isolated heterozygous and homozygous mutant embryos for RNA 
extraction and analyzed Mthl5 expression by RT PCR. Mthl5 mRNA is absent in the 
homozygous embryos compared to both wildtype and heterozygotes embryos (Figure 
3.7C). Thus the mthl5AD5 line is a null allele.  
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 The 5’ P element (XP) is located within an intron of CG31368 while the 3’ P 
element (WH) is located in the 5’UTR of CG6962 (Figure 3.7A) thus we predicted that 
both flanking genes (CG31368 and CG6962) will be missing in our mthl5AD5 deletion 
mutant. To test this possibility, we performed in situ hybridization of all three genes on 
both wildtype and mthl5AD5 mutant embryos. In wildtype embryos, Mthl5 mRNA is 
undetectable up to stage 10, but both CG31368 and CG6962 are expressed at high 
levels throughout the extended germ band as seen with  anti-sense probes (Figure 
3.7D1-F1). Expression of these latter two genes diminishes and can no longer be seen 
in stage 16 embryos while Mthl5 expression is exclusive to the dorsal vessel (Figure 
3.7D2-F2). As expected mthl5 expression is lost in the mutant (Figure 3.7G2) and we 
did not detect expression of CG31368 (Figure 3.7I1). Since CG6962 expression is still 
detected in the germ band of stage 10 embryos (Figure 3.7H1), this suggests that the 
loss of ~100bp in the 5’UTR of CG6962 does not appear to have affected the 
expression of this gene. Thus, our mthl5AD5 deletion lacks both mthl5 and CG31368 
gene expression suggesting that the lethality could be due to loss of both genes or 
either one alone. 
To better assess the lethality we first conducted a lethal phase analysis and 
found that all homozygote mthl5AD5 embryos reach stage 17 and show some internal 
muscle/body movements. However they all fail to hatch into first instar larvae. Manually 
hatched embryos incubated at 25°C in halocarbon oil die within two hours of hatching 
(data not shown). We overexpressed a wildtype UAS-Mthl5 transgene using Hand-Gal4, 
which is expressed throughout the dorsal mesoderm during stage 11 and in all dorsal 
vessel cell types from stage 12 onwards. Ectopic expression of UAS-Mthl5 in 
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homozygous mutant embryos fully rescues the lethality resulting in a 1:2 ratio of 
homozygote to heterozygote adults.  This suggests that the loss of the mthl5 gene, and 
not CG31368 caused the lethality.  
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Figure 3.7. Generation of a mthl5 null allele. (A) Cartoon representation of the 
genomic region on chromosome 3 showing the two FRT containing P elements 
located in the genes on the five prime and three prime end of mthl5. The bottom 
portion depicts the resulting genomic region following the excision and the location of 
the P element specific primers used to verify the excision. (B) Results of a genomic 
PCR confirms the presence of a hybrid P element product in excised flies but not wild 
type flies. (C) RT PCR results confirm the loss of mthl5 mRNA in homozygous 
mthl5AD5 mutant embryos compared to both wild type and mthl5AD5 heterozygote 
embryos. (D1-I2) In situ hybridization with antisense RNA probes to determine the 
expression of the three genes within the Mthl5 genomic region in both wild type and 
mthl5AD5 mutant embryos. (D1-F2) In wild type embryos, mthl5 is absent during stage 
10 while both CG6962 and CG31368 are expressed at high levels in the extended 
germ band. By stage 16, mthl5 expression is restricted to the dorsal vessel while 
neither of the other two genes are expressed. (G1-I2) In homozygous mthl5AD5 
mutant embryos, both mthl5 and CG31368 are absent in stage 11 or stage 16 
embryos, while CG6962 expression is retained at the approproate location of stage 
10 embryos, and still absent at stage 16.  	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Mthl5 is essential for cardial cell-pericardial cell association and lumen formation 
in the aorta 
 During dorsal closure, cardioblast cells align along either side of the embryo and 
begin migrating towards the dorsal midline in concert with the overlying ectoderm. By 
stage 16, all cardioblasts align in a linear fashion at the midline (Tao and Schulz, 2007). 
At this time, the cardioblast cells begin to polarize through the asymmetric expression of 
adhesion molecules (Medioni et al., 2008). Once polarized, cardioblast cells on opposite 
sides of the midline form contacts at their dorsal and ventral edges enclosing a lumen 
between them (MacMullin and Jacobs, 2006; Medioni et al., 2008). The cardioblast cells 
also need to adhere to adjacent pericardial cells to maintain the structural integrity of the 
entire dorsal vessel. Our mthl5AD5 mutant embryos show several morphological defects 
associated with dissociation of cell-to-cell contacts and abnormal lumen formation. 
These defects can be readily visualized as a change in the arrangement of Hand-GFP 
positive cardial and pericardial cells.  
Loss of function mutant analysis and rescue phenotypes 
Since wildtype embryos lack these phenotypes we quantify mthl5AD5 null defects 
(Figure 3.8B, arrow) and compare them to mthl5AD5 heterozygotes (Figure 3.8A). Up to 
80% of mthl5AD5 homozygote embryos have a pericardial-cardial dissociation (PCD) 
along the dorsal vessel. Since mthl5 expression is restricted to the aorta, we closely 
examine this region. In the aorta, 70% of mthl5AD5 homozygous embryos have a PCD 
phenotype (P<0.001) compared to only 6.5% of heterozygote embryos (Figure 3.8D). 
Over expression of the UAS-Mthl5wt transgene with a Hand-Gal4 driver in homozygous 
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mthl5AD5 embryos significantly (P<0.1) rescues the PCD phenotype as now only 10.8% 
embryos exhibit a PCD defect (Figure 3.8 C, D).  
 A subset of the embryos with a PCD phenotype also have defects in lumen 
shape evident as a misalignment in the normally linear arrangement of cardioblast cells 
along the dorsal midline. About 22.9% of mthl5AD5 homozygous mutants (~40% of PCD 
embryos, P<0.001) have misaligned cardioblast cells in one or more segments resulting 
in an abnormally shaped aortic lumen compared to only 2.3% of mthl5AD5 heterozygous 
embryos (Figure 3.8E1 and E2 arrow). The misalignment of cardioblasts or lumen 
shape defects are also rescued by over expression of the UAS-Mthl5wt transgene. 
Defects in lumen formation can be readily observed as an absence or re-
localization of markers in the junctional and luminal domains of cardioblast cells. Discs-
large (dlg) is normally expressed in the apical and lateral membrane domains of the 
cardioblast cells (Figure 3.8F1 illustration) (Deng et al., 2003; Tepass et al., 2001). 
Compared to wildtype embryos, mthl5AD5 null mutant embryos appear to have reduced 
apical (lumen) staining and disoriented lateral staining of discs-large along the aorta 
(Figure 3.8F1, arrow). Dystroglycan (dg) is a predominantly apical (luminal) protein but 
is also expressed in the basal membrane of cardioblast cells (Figure 3.8F2 illustration). 
Compared to the wildtype embryos, in mthl5AD5 mutant embryos, dystroglycan staining 
in the aorta is mostly absent (Figure 3.8F2 arrow).  
To better examine the origin of the lumen defect we obtained several images 
along the z-axis to look at a cross-sectional view of the lumen stained with dystroglycan. 
During development, the cardioblast cells adhere at the dorsal surface first. They then 
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begin adopting a crescent shape and finally adhere at the ventral surface to close in the 
lumen (Figure 3.8F3 illustration). In a wildtype aorta lumen, two elongated cardioblast 
cells are observed with dystroglycan expression surrounding both cells (Figure 3.8F3). 
Dystroglycan staining is still evident around each cardioblast cell in mthl5AD5 null 
mutants but a reduction in dystroglycan is apparent in the luminal domain. Because of 
antibody penetration issues, we are limited to looking at stage 16 embryos. Thus, while 
the cells do not appear to have undergone the necessary cell shape changes to form a 
lumen, they maybe delayed in mthl5AD5 mutant embryos.  
 
What happens in a gain-of function analysis for Mthl5? 
We tested gain-of-function effects using the following three transgenes, UAS-
Mthl5WT, UAS-Mthl5HA, and UAS-Mthl5DN. The wildtype transgene includes the wildtype 
coding sequence inserted into the UAS vector thus resulting in the expression of a 
normal receptor protein.  The hyperactive mutant includes mutagenesis of the serine 
and threonine residues in the third intracellular loop into alanine residues thus 
potentially inhibiting the binding of and subsequent internalization of the receptor by β-
arrestin. The receptor is expected to retain its ligand binding and G protein coupling 
properties. Finally the dominant negative mutant includes a deletion of the entire C 
terminus thus potentially inhibiting G protein coupling upon receptor activation by a 
ligand. 
The most prominent phenotype observed in our UAS-Mthl5 (wild type, putative 
hyperactive and putative dominant negative) mutants is a change in the width of the 
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lumen in both the aortic and heart regions. To better assess this phenotype we 
measured aorta and heart lumen widths of stage 17 embryos. For the gain-of-function 
analysis we utilized the Twist;24B-Gal4 line and all embryos are aged at 30°C for 
maximal Gal4 activity (Figure 3.8G1) (Duffy, 2002). Since mthl5AD5 mutant embryos 
exhibit a lumen defect, we also analyzed the aorta lumen widths of homozygous 
mthl5AD5 embryos. Three measurements are taken along the aorta or heart and the 
average is graphed. The wild type measurements are arbitrarily set to 1 and all other 
measurements re-calculated accordingly.  
Compared to wild type embryos, overexpression of a UAS-Mthl5wt transgene 
increases the width of the aorta lumen up to 2.5X (P<0.001, Figure 3.8G1, G2).  
Expression of a putative hyperactive mutant that can be activated but not turned off, 
does not alter the lumen width.  Expression of the UAS-Mthl5DN transgene, which may 
act as a putative dominant negative since it lacks the C terminus and therefore may not 
be able to bind a G-protein, slightly decreases (0.86X, P<0.001) the lumen width. This is 
also consistent with a reduction in aorta lumen width in homozygous mthl5AD5 embryos 
(0.93X, P<0.001, Figure 3.8G1, G2).  
Although mthl5 is not expressed in the heart region, ectopic expression of a 
wildtype UAS-Mthl5wt transgene significantly increases the lumen width (1.16X, 
P<0.001) when compared to wild type. Ectopic expression of both the putative 
hyperactive and putative dominant negative transgenes significantly reduces (0.72 and 
0.60 respectively, P<0.001) the heart lumen width (Figure 3.8G1, G3). Thus Mthl5 is a 
newly identified aorta specific GPCR likely important in maintaining the structural 
integrity and lumen formation in the aorta. 
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Figure 3.8. Mthl5 is required for pericardial-cardial cell association and lumen 
formation in the aorta. (A-D) Hand-GFP expression in the dorsal vessel of stage 16/17 
embryos. Anterior is to the left and dorsal up. Compared to heterozygous mthl5AD5 
embryos (A), homozygous mthl5AD5 (B) embryos show a pericardial-cardial cell 
dissociation (PCD) phenotype. Using a Hand-Gal4 driver, over-expression of UAS-
Mthl5WT in homozygous mthl5AD5 null embryos (C) reduces the penetrance of PCD 
phenotypes (D). Quantification of the PCD (D) and lumen (E1) defects in the three 
genotypes indicated.  (E2) Co-staining Hand-GFP embryos with anti-Mef2 highlights the 
misalignment of cardioblast cells along the dorsal midline in wild type versus mthl5AD5 
mutant embryos. (F1-F2) Localization of discs large (dlg; F1) in the junctional domain 
and dystroglycan (dg; F2) in the luminal domain of wild type and mthl5AD5 mutant 
embryos indicate sthat cell polarity is aberrant. (F3) Cross section of aorta cardioblast 
cells shows reduced dystroglycan (dg) staining between opposing cardioblast cells while 
Hand-GFP expression suggests these cells have not undergone complete cell shape 
change required for lumen formation. (G1-G3) Over-expression of wild type (wt), 
putative dominant negative (DN) and hyperactive (HA) forms of Mthl5 with a Twist;24B-
Gal4 driver. (G1) Hand-GFP expression in stage 17 embryos with emphasis on the 
distance between the two opposing cardioblast cells in the aorta (top) or heart (bottom) 
in embryos with the indicated genotype. (G2) Quantification of aorta (G2) and heart (G3) 
lumen width embryos over-expressing Mthl5. [*** P<0.001].  	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Methuselah-like 5 activates G protein dependent pathways in the aorta	  
 Of the six Drosophila Gα subunits, only G-oα47A is expressed in the cardiac 
mesoderm of stage 11 embryos and confined to cardioblast cells of the mature dorsal 
vessel (Fremion et al., 1999). Null mutations in G-oα47A result in a disrupted dorsal 
vessel with a pericardial-cardial dissociation (PCD) phenotype (Yi et al., 2008). Mthl5 is 
also expressed in the cardiac mesoderm with restricted expression in aortic cardioblasts 
(Figure 3.6) and null alleles result in a PCD phenotype (Figure 3.8). Thus, we ask if 
mthl5 and G-oα47A work in a common pathway to mediate pericardial-cardial cell 
association.  
To test this possibility, we analyzed dorsal vessel formation in transheterozygous 
and double homozygous G-oα47A and mthl5AD5 mutant embryos. A small percentage of 
heterozygous mutant embryos in either mthl5AD5 (Figure 3.8) or G-oα47A (Figure 3.9A) 
have a PCD phenotype (9.6% and 27.6% respectively) (Figure 3.9E). The PCD defects 
increase to 46% in embryos heterozygous for both G-oα47A and mthl5AD5 (G-oα47A/+ 
and mthl5AD5/+)(P<0.001) (Figure 3.9C, E). Homozygous mthl5AD5 or homozygous G-
oα47A embryos show a more penetrant (70% and 60% respectively, P<0.001) PCD 
phenotype (Figure 3.9B, E). Double homozygous G-oα47A / G-oα47A; mthl5AD5/ 
mthl5AD5 embryos show a fully penetrant PCD phenotype (100%, P<0.001, Figure 3.9D, 
E). Note that since the G-oα47A mutation induces dorsal closure defects in a subset of 
the embryos, which prevents a complete dorsal vessel from forming, they were 
excluded from all phenotypic analysis. Synergistic interactions between these genes is 
consistent with G-oα47A and mthl5 operating in a common pathway to help cardioblast 
cells of at least the aorta to remain adjacent to the pericardial cells.  
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If these proteins operate in a common pathway, they would be expected to 
physically interact with each other as a receptor (Mthl5) and G-protein (Goα) in order to 
transduce a signal into the cell.   In S2 cells transfected with tagged FLAG-Goα and 
Mthl5-V5, a co-immunoprecipitation of the FLAG-Goα successfully pulled down Mthl5-
V5 (Figure 3.9F). This was also seen in a reciprocal co-immunoprecipitation with Mthl5-
V5 whereby we pulled down FLAG-Goα (Figure 3.9G). Thus, in S2 cells, Goα is 
capable of binding to Mthl5.  
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Figure 3.9. Genetic and physical interaction between mthl5AD5 and G-oα47A007. 
(A-D) Hand-GFP expression in stage 16/17 embryos shows the PCD phenotype 
present in G-oα47A007/+ (A), G-oα47A007 (B), G-oα47A007/+; mthl5AD5/+ (C), and G-
oα47A007; mthl5AD5 (D) embryos. (E) Graphical representation of the penetrance of 
PCD defsct in assayed embryos [*** P<0.001]. (F-G) Reciprocal 
coimmunoprecipitation experiments in S2 cells establishes a physical interaction 
between V5 tagged Mthl5 and a FLAG tagged G-oα47A.  	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How is Mthl5 expression restricted to the aorta? 
Expression of genes along the anterior-posterior axis of the dorsal vessel are 
controlled by hox gene activities.  The hox gene Ultrabiothorax (Ubx) is restricted to the 
aorta (A2-A5), while Abdominal A (AbdA) expression is mostly seen in the heart region 
(A6-A8) (Lo et al., 2002; Ponzielli et al., 2002). As a consequence Ubx and AbdA are 
important in regulating aorta and heart cell identities, respectively. AbdA is required to 
restrict Ubx expression to the aorta as well as its absence from the heart. Since AbdA 
also plays an important role in restricting the expression of non-hox genes such as tina-
1 in the heart (Lovato et al., 2002), we sought to determine whether mthl5 expression 
might also be restricted to the aortic region by AbdA. 
To address this question, we utilized in situ hybridization to monitor mthl5 
expression in both loss- and gain-of function AbdA embryos.  Using the pHand-GFP 
reporter, we detected a heart to aorta transformation in abdAMX1 homozygous null 
embryos as expected (Lo et al., 2002; Lovato et al., 2002) but, in these embryos, mthl5 
expression remains in the presumptive aortic region (T3-A4/5) (Figure 3.10 A1-A3). This 
is in contrast to the expression of Ubx in to the heart (Ponzielli et al., 2002) or tina-1 in 
the aorta (Lovato et al., 2002). A similar result is seen if a UAS-AbdARNAi transgene is 
used to knock-down AbdA expression in the whole mesoderm (Figure 3.10 A7-A9). 
When we overexpressed UAS-AbdA in the whole mesoderm using Twist;24B-Gal4, the 
entire dorsal vessel takes up a heart morphology as described previously (Lo et al., 
2002). In these embryos, mthl5 expression is significantly decreased in the aortic region 
(Figure 3.10 A4-A6), particularly at the aorta-heart boundary in segments A4/5 (Figure 
3.10A3, A6, A9 star). Thus while aortic expression of abdA appears to decrease mthl5 
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expression, it probably does not regulate Mthl5 in the same way as it does Ubx or Tina-
1 (Lovato et a., 2002; Ponzielli et al., 2002). This suggests that other regulatory 
mechanisms are involved in dictating mthl5 expression specifically in the heart.  
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Figure 3.10. Mthl5 expression in loss- and gain-of-function Abdominal A embryos. In 
situ hybridization in whole mount stage 16 embryos with antisense RNA probes (red) and 
co-staining with anti-Mef2 (green), which labels the cardioblast cells. (A1-A3) In abdAMX1 
null embryos mthl5 expression is still detected in the cardioblast cells of the aorta ending in 
segment A5. (A4-A6) Over expression of UAS-AbdA with a Twist;24B-Gal4 driver in the 
entire dorsal vessel decreases mthl5 expression in the aortic region (A7-A9) Knockdown of 
Abdominal A using a UAS-AbdARNAi transgene with a Twist;24B-Gal4 driver does not alter 
mthl5 expression in the aortic region.  Level of Mthl5 expression is most easily observed in 
the A5 segment (A3, A6, A9 arrows). 	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DISCUSSION 
Mthl5 is an ancient adhesion-like GPCR (Harmar,2001; Patel et al., unpublished) 
that by stage 16 of embryogenesis is solely expressed in the aorta. Null alleles of Mthl5 
are embryonic lethal and result in cell-cell adhesion defects along the length of the 
aorta. This is consistent with prior work identifying the importance of GPCR signaling 
during cardiac tube formation (Yi et al., 2008). Indeed, null alleles of mthl5 genetically 
interact with Gao null alleles to increase the penetrance of cell adhesion defects in the 
aorta, and occasionally also in the heart.  
Mthl5 expression is first detected in both the cardiac and visceral compartments 
of the dorsal mesoderm during stage 11 (Bilder and Scott, 1998; Tao and Schulz, 
2007)). Expression of mthl5 is highest in all segments of the cardiac mesoderm 
preceding cell differentiation into the two dorsal vessel cell types, cardioblast and 
pericardial cells (Tao and Schulz, 2007). Aorta specific cardioblast expression of mthl5 
is clearly evident by stage 13 and as such mthl5 is one of the first genes that displays 
such a restricted expression in the aorta rather than the heart region. 
  In contrast to the expression of mthl5 only in the aorta, a member of the 
Troponin C superfamily, tina-1 is expressed only in the heart region (Lovato et al., 
2002). Tina-1 expression is directly regulated by the hox gene Abdominal A, which 
specifies heart cell identity in the dorsal vessel (Lo et al., 2002). While regulating heart 
specific genes in those cells, Abdominal A also represses some aorta specific genes 
such as Ubx from extending expression into the heart (Lo et al., 2002; Ponzielli et al., 
2002). Might abdominal A also restrict mthl5 expression to the aorta? Here, as expected 
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a loss of abdominal A in the heart transforms this region into an aorta visualized with the 
Hand-GFP reporter showing a narrow lumen throughout the dorsal vessel. However, 
expression of mthl5 does not expand into the heart as anticipated but instead remains 
limited to the aorta proper. With ectopic over-expression of Abdominal A, the whole 
dorsal vessel is transformed into heart based on the presence of a wider lumen 
throughout. While mthl5 expression is significantly reduced, it can still be detected in the 
presumptive aortic region (Tao and Schulz, 2007). Continued expression of mthl5 in 
these cells suggests that while they are morphologically indistinguishable from cells in 
the heart region, they have either retained sufficient aorta specification. Alternatively, 
mthl5 expression in the aorta could be heavily influenced by unknown aspects of 
segmental identity. Creating a reporter construct based on the mthl5 promoter region 
should prove useful in distinguishing between these possibilities. It would also be a 
useful reporter to distinguish between the aorta and heart cells, thus helping elucidate 
aorta specific signaling pathways regulating Mthl5 expression. 
The phenotypes of the mthl5AD5 null suggest it is important for aorta 
development. The two major phenotypes of mthl5AD5 null mutants, PCD and lumen 
defects are both associated with loss of cell-cell adhesion along the cardioblast cell 
membrane (Yi et al., 2008; Medioni et al., 2008). The loss of pericardial-cardial cell 
association in the aorta of homozygous mthl5AD5 embryos is consistent with that seen 
for mutations in heterotrimeric G proteins expressed in the cardioblast cells of the dorsal 
vessel (Fremion et al., 1999). In addition, mthl5AD5 is apparently working upstream of G-
oα47A in these cells, and G-oα47A has previously been identified in the formation of 
septate junctions between cardial and pericardial cells in the aorta (Yi et al., 2008).  
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Thus, the interaction between mthl5AD5 and G-oα47A is analogous to the interaction 
between the GPCR moody and G-oα47A  during septate junction in the blood brain 
barrier of Drosophila embryos (Bainton et al., 2005; Schwabe et al., 2005). A protein 
interaction map links the GPCR, CG32447 with loco, an RGS protein involved in septate 
junctions of the BBB, but others have shown that a loss of CG32447 does not induce a 
pericardial-cardial cell phenotype (Yi et al., 2008). Together, our work identifies a 
genetic and physical interaction between mthl5AD5 and G-oα47A, necessary for cell-cell 
adhesion in the aorta.  
 
 
 
 
 
 
 
 
 
Figure 3.11. Model for Mthl5 signaling in the cardioblast cells of the aorta. 
Activation of Mthl5 by an unknown ligand is hypothesized to activate G-oα-47A to 
mediate pericardial-cardial cell association (Black arrow). Once cardial cells are at 
the midline, a second pathway may also stimulate cardial-cardial cell association 
(orange arrows).  	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Many homozygous null mthl5AD5 embryos also display a PCD phenotype in the 
heart region of stage 16 embryos even though mthl5 is not expressed in this region. The 
origin of the defects is unknown, however, mthl5 is expressed in eleven parasegments 
(PS2-12) of the cardiac mesoderm, which will later give rise to the entire dorsal vessel 
(Azpiazu et al., 1996; Lawrence et al., 1995). These cells represent the primordial cells 
that will divide and differentiate to give rise to both cardioblast and pericardial cells by 
stage 12/13 (Tao and Schulz, 2007). Since mthl5 only becomes restricted to the aorta at 
stage 13, it is possible that Mthl5 is functioning at these earlier stages to help establish 
pericardial-cardioblast interactions. Maintained expression of mthl5 in the aorta may 
normally re-enforce these junctions and its absence then leads to PCD defects.  It is 
also possible that, the PCD defects in the heart region of mthl5AD5 mutants is indirectly 
caused by the weakening of pericardial-cardial interactions in the aorta.  Once 
weakened, the sheer forces initiated upon contraction might be sufficient to be 
transmitted laterally to the heart region.  
The misalignment of cardioblast cells along the length of the aorta suggests that 
mthl5 may also be important in lumen formation. Our use of discs-large and 
dystroglycan staining indicates that opposing cardioblast cells in the aorta possibly fail 
to form cell-cell contacts along their apical surface (Medioni et al., 2008; Tepass et al., 
2001). Dystroglycan creates an apical-basal polarity by localizing intracellular proteins 
such as discs large. This also allows the cells to adopt the necessary cell shape 
changes bringing adherent domains in close contact with the opposing cell. 
Dystroglycan along with these re-localized proteins help form cell-cell contacts at the 
dorsal and ventral apical surfaces of cardioblast cells. This process ensures the 
	   	   	   	  
	  
138	  
formation of a lumen between the two cells in contact. We see in our study that in the 
absence of mthl5, localization of dystroglycan in the luminal domain and discs large in 
the junctional domain does not occur correctly. Therefore, mthl5 is potentially involved 
in establishing this polarity through mesenchyme to epithelial transitions. Indeed, GPCR 
signaling has been implicated in establishing polarity through promoting cellular 
transitions (Doyle at al., 2006).  
In support, mthl5 is expressed in the mesenchyme cells of the dorsal mesoderm 
during stage 11 that undergo a mesenchyme to epithelial transition by stage 13. The 
dynamic nature of mthl5 expression during these stages implicates a role for the 
adhesion-like GPCR, Mthl5 in the mesenchyme to epithelial transition through cellular 
polarity changes as demonstrated for the heterotrimeric G protein, G-oα47A  (Fremion 
et al., 1999). Thus Mthl5 may be signaling through G-oα47A during the early stages to 
establish epithelial-like polarity. This may later transform into either an indirect or 
possibly a direct role in forming cell-cell contacts along defined cardioblast cell domains 
during dorsal vessel morphogenesis.  
 
 
 
 
 
 
	   	   	   	  
	  
139	  
ACKNOWLEDGEMENTS 
I would like to thank Dr Fujian Zhang and Dr Zhimin Chen in the lab of Dr Zhe Han at 
the University of Michigan in Ann Arbor for their guidance and help in generating heart 
specific fly stocks and other aspects of this work. I would also like to thank Dr Xingyu 
Zhao for assistance with antibody staining and Dr Dechen Fu for help with the 
coimmunoprecipitation. Also thanks to Ying Zhao for injecting the transgenes.  
 
 
 
 
 
 
 
 
 
 
 
 
	   	   	   	  
	  
140	  
CHAPTER 4 
Gene expression and evolutionary analysis of the Mth/Mthl family of GPCRs 
Evolutionary history 
Our phylogenetic analysis using sequences from five fruit fly species (D. virilus, 
D. mojavensis, D. pseudobscura, D. yakuba, and D. melanogaster), the flour beetle (T. 
castaneum) and the mosquito (A. gambiae) out grouped to the latrophilin receptor 
clearly shows that the fifteen Mth/Mthl genes form four divergent clades along with 
orthologs in other species. Mthl1, l5, and l14 are the least divergent from the latrophilin 
receptor, but are clearly separate from other adhesion receptors. While D. melanogaster 
mthl1, and l5, have orthologs in all the insect species studied, mthl14 is absent from A. 
gambiae. With the complete annotation of other insect species coming online, 
phylogenetic analysis will help resolve the level of sequence divergence within the four 
Mth/Mthl clades described above. These analyses will help clarify divergence rates and 
branch lengths of all Mth/Mthl genes and better resolve the relationships within clades.  
 The fourth clade arose through duplications of a common dipteran ancestor that 
gave rise to a single gene in Tribolium (TC010567) and up to twelve Mth/Mthl genes in 
the Drosophila lineage as one major gene expansion occurs ~250 million years ago 
between Anopheles and Drosophila, and a second gene expansion before the 
speciation of D. yakuba and D. melanogaster (the youngest species studied) (Figure 4.1 
and 4.2). Thus the Drosophila genomes have been able to assimilate a large number of 
duplications of the Mthl genes (Heger and Ponting, 2007; Presgraves et al., 2003; Smith 
and Eyre-Walker, 2002). These gene duplication events have led to the emergence of 
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significantly diverse receptor sequences and newly acquired expression patterns.  The 
plasticity of this gene family is also evident in the emergence of additional gene 
duplication in both D. virilus and D. yakuba.  D. virilus has a couple of extra Mth 
sequences and D. yakuba has three copies of an ortholog to Mthl3/4 (Figure 4.2).  
  
 
Figure 4.1 Schematic representation showing the evolution of several dipteran 
insects. The figure shows that Tribolium castaneum represents one of the oldest 
insect (~300 million years old) while Drosophila melanogaster and Drosophila yakuba 
represent the youngest insects (~10 million years old) 
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Figure 4.2 Summary of expression and evolution data. The tree represents the order or 
evolutionary divergence of the fifteen Mth/Mthl genes. The first set of columns highlighted in 
shades of blue illustrate the expression of each gene in embryos and/or larva. The next 
column highlighted in shades of red describe the presence or absence of the Mth 
ectodomain signature in each family member. The third set of columns highlighted in 
shades of green describe the presence or absence of Mthl genes in each of the species 
analyzed. The squares highlighted with a darker border and diagonal line represent 
instances whereby a given species has more than one Mthl paralog in its genome. Key: the 
lighter shades in each represents absence while the darker shades represent presence.  
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The Mth ectodomain 
All members of the fourth clade possess the Mth ectodomain signature (West et 
al., 2001), and are clearly divergent orthologs of Mth.  Therefore, we will henceforth 
refer to this clade as the Mth superclade (Figure 4.2). The Mth ectodomain was first 
crystallized and found to include up to ten conserved cysteine residues and N-
glycosylation sites (West et al., 2001). These regions of the Mth ectodomain are thought 
to be important for ligand binding and interactions between the extracellular loops and a 
transmembrane domain is thought to be critical to signal transducton (West et al., 
2001). The Mth ectodomain is significantly different from the extracellular domains of 
other family B GPCR, suggesting the evolution of a very specific extracellular signaling 
moiety within this clade. Given the ability of Drosophila to assimilate gene duplication 
within this clade, the ectodomain appears to provide a novel function that is readily 
adopted and used in several novel expression patterns.  
Expression patterns of Mth/Mthl genes  
 Mthl1 has widespread expression throughout embryogenesis with broad 
expression during gastrulation, and restricted expression from stage 11 onwards in the 
mesoderm and portions of the fore- and hindgut. While mthl5 and mthl14 expression 
overlaps with mthl1 in the mesoderm and portions of the gut, Mthl5 is restricted to the 
dorsal vessel by stage 16 while mthl14 is only expressed in parts of the midgut by stage 
16 (Figure 4.2).  
 Within the Mth superclade, the Tribolium gene is expressed in portions of the 
hindgut and a group of mesoderm derived cells (presumably crystal cells). Given the 
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single occurrence of the Tribolium gene, we assume its expression represents the 
ancestral expression domains. With further duplications in Drosophila, this ancestral 
Tribolium expression seems to have been subdivided between mthl10 expression in the 
mesoderm cells (crystal cells) and mthl9 expression in the hindgut (Figure 4.2). 
Interestingly, mthl10 and mthl9 are tightly linked on chromosome 3 of D. melanogaster 
suggesting that duplication led to subfunctionalization. Mthl10 picks up additional 
embryonic expression in the midgut and specific expression in imaginal precursor cells 
and is also expressed in the larval CNS and imaginal discs (Figure 4.2). Mth is also 
tightly linked to mthl10 on the third chromosome and shares complimentary expression 
patterns in the imaginal precursor cells as well as in the larval CNS and imaginal discs. 
In addition, mth has evolved to include expression during gastrulation thereby sharing 
early expression patterns with mthl1 and mthl11 (Figure 4.2).  
 The remaining Mthl genes are expressed either in embryos or larval tissue. Mthl8 
and mthl3 are expressed in complimentary patterns in both the larval CNS and imaginal 
discs while mthl4 and mthl6 are expressed in overlapping patterns in only the imaginal 
discs. Mthl13 is expressed only in a small subset of cells in stage 16 embryos forming 
part of the future lymph gland (Figure 4.2). Finally mthl2, l7 and l12 are not expressed in 
the embryos or larval head tissues analyzed (Figure 4.2) but we cannot rule out 
possible expression in other non-examined larval tissue or other developmental stages.  
 Interestingly, genes expressed in the embryos post-gastrulation are usually 
confined to a very specific subset of cell types. For example, mthl1 and l9 share 
complimentary expression patterns in the fore- and hindgut while mthl10 and l14 have 
overlapping expression in portions of the midgut. After gastrulation, mesoderm 
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expression becomes restricted to small subsets of cells, namely, the dorsal mesoderm 
(mthl1, l5), dorsal vessel (mthl5), crystal cells (mthl10), and lymph gland (mthl13). While 
mthl10 is also refined to small groups of cells defining the imaginal precursors, mth is 
expressed in a larger group of cells constituting a tissue that is required for head 
imaginal disc formation. On the other hand, all Mthl genes expressed in the larval CNS 
and/or imaginal discs show less cell specificity as each receptor is expressed in 
complimentary patterns in large swabs of cells.  One re-occurring theme is the 
overlapping expression of Mthl receptors in cells undergoing morphogenetic movements 
(for example, gastrulation and disc eversion), and more refined expression of selected 
receptors during organogenesis. Thus the D. melanogaster Mth/mthl family of genes 
has expanded through several gene duplication events to subdivide ancestral 
expression patterns but also evolve new expression domains in embryos and/or larva. 
Six genes (mthl1, 5, 9, 11, 13 and 14) are only expressed in embryos, four genes 
(Mthl3,4,6, and 8) are only expressed in larval head tissue while two genes (mthl10 and 
Mth) are expressed in both embryos and larval head tissue (Figure 4.2). During 
evolution, the separation of expression patterns and evolution of new patterns in gene 
duplicates leads to functional innovation within gene families (Long and Thornton, 2001; 
Lynch and Conery, 2000; Perez, 2003; Zhang et al., 2001). For example, in the second 
half of this study we have characterized the expression patterns of mthl5 in the 
mesoderm and developing dorsal vessel and demonstrated that mthl5 plays a 
significant role during organogenesis 
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Mthl5 expression in the aorta is functionally important 
 The developmental expression of Mth plays a functional role during synaptic 
regulation of larval neuromuscular junctions and aging in adult flies (Song et al., 2002). 
Mth is an essential gene, as loss of mth is embryonic lethal. While this is consistent with 
early embryonic expression during gastrulation, a specific role for mth during 
embryogenesis remains elusive. In our study we determined that the mthl5 gene is also 
essential as null mutations are lethal. In contrast to mth expression during 
embryogenesis, mthl5 is expressed after gastrulation in the mesoderm of stage 11 
embryos and later restricted to the aortic region of the dorsal vessel. Mthl5 plays an 
important role in mediating cell-cell adhesion during dorsal vessel morphogenesis. Our 
expression data further suggests that mthl5 may play a role during mesenchyme to 
epithelial cell transition in the mesoderm, although this will need to be examnined in 
detail. This is consistent with a role for the chicken latrophilin receptor in synaptic 
regulation in bovine chromaffin cells (Bittner et al., 1998) and in mediating cell 
transitions prior to organogenesis in the embryonic chicken heart (Doyle et al., 2006). 
These results illustrate how two divergent members of a gene family have evolved novel 
expression patterns leading to functional innovation.  
 Finally, taken together, our phylogenic analysis and expression data 
suggest that the GPCR Family B3 (Harmar, 2001) can be subdivided into four 
subfamilies (Figure 4.3). Mthl1, 5, 14 form their own subfamilies that are least divergent 
from the latrophilin receptor and have representatives in other insects. These genes are 
clearly related to the other Mth/Mthl genes, and thus retaining the Mth-like designation 
makes sense (Figure 4.3). All of the other Mth/Mthl genes are closely related to each 
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other and form a separate subfamily of genes possessing the Mth ectodomain. This 
similarity would suggest that they are actually orthologs of Mth itself, and not just Mth-
like.  Thus, to better illustrate this relationship, we are proposing to drop the “–like” 
designation from all receptros in the Mth-superclade, but retain the original numerical 
designation (Figure 4.3). On the other, given their divergent nature, Mthl1, 5 and 14 will 
retain the -like designation. This modified naming criteria emphasizes that all genes 
without the “–like” designation are more similar to Mth but divergent from genes with the 
“–like” designation. Since the Mth ectodomain confers promiscuity in ligand binding, 
future ligand bindings assays using the other Mth paralogs may help identify specific 
motifs or amino acids residues within the Mth ectodomain that are crucial for ligand 
binding. These studies will also help identify the importance of specific amino acid 
differences between paralogs.  
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Finally, in analogy to our Mthl5 study, creating loss- and gain-of-function 
mutations for the remaining Mth and Mthl genes will be essential if we are to understand 
the functional significance of these gene expansions. These analyses will also help 
Figure 4.3 Re-classification of the Mth/Mthl genes within the B3 subfamily. The tree 
shows the original B2 subfamily with one of the members, Latrophilin (used as an 
outgroup in this study). The Mth/Mthl receptors are divided into four clades. Mthl1, 5, 
and 14 form their own separate clades of Mth-like receptors. The remaining receptors 
form a fourth clade that is characterized by the presence of the Mth ectodomain 
signature. There genes are renamed by removing the “-like” designation to illustrate their 
closer relationship to Mth compared to Mthl1, 5, and 14 which are clearly like Mth.  
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understand if there is functional redundancy with overlapping expression patterns and 
functional innovation with the evolution of new specific expression patterns.  
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APPENDIX A: 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.1. Expression of Mthl10 splice variants. In situ hybridization using 
antisense RNA probes on whole mount embryos is indicated. (A, H) Genomic region 
view downloaded from Flybase on November 2010 showing two transcripts and 
region downloaded on March 2011 showing five transcripts. Dorsal (B,C) and lateral 
(D-G, I, J) views showing expression of exon 4 of variant C (intron; B, C), variant A 
(D, E), variant B/E (F, G) and variant D (I, J). Stages are as indicated.  Abbreviations: 
ead, eye-antennal discs, cc, crystal cells, td, thoracic discs, hib, histoblasts, mg, 
midgut. 	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Figure A.2. Mth and Mthl2 expression in gain- and loss-of-function mth embryos. 
In situ hybridization of whole mount stage 16 embryos  using sense and antisense RNA 
probes. (A-C) Gain of function embryos showing sense and antisense mth and 
antisense mthl2 expression. (D-F) Heterozygous and homozygous mth embryos 
showing expression of antisense mth and mthl2 probes.	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Table A.1. List of primers used to generate DNA template for in vitro transcription. 
Note: We used T7 and Sp6 primers to PCR full length Mth from the DGRC clone. We 
used T7 and T3 primers to PCR Mthl 2 from a full length DGRC clone. In all other cases, 
the primers are located in the regions specified. In each case the 5’ primer contains T7 
polymerase sequence whereas the 3’ primer contains the T3 polymerase sequence.  
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APPENDIX B: 
 
 
Figure	  B1.	  Expression	  of	  Mth/Mthl	  genes	  in	  the	  embryo.	  In	  situ	  hybridization	  of	   whole	   mount	   embryos	   with	   sense	   strand	   RNA	   used	   as	   a	   negative	   control.	  Anterior	  is	  to	  the	  left	  and	  dorsal	  up.	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Figure	   B2.	   Expression	   of	   Mth/Mthl	   genes	   in	   the	   embryo.	   In	   situ	   hybridization	   of	  whole	  mount	  embryos	  with	  antisense	  RNA.	  Anterior	  is	  to	  the	  left	  and	  dorsal	  up.	  There	  is	  clearly	  no	  expression	  of	  Mthl2,3,4,6,7,8,10A,10B/E,	  10D	  and	  12	  during	  embryogenesis.	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Figure	  B3.	  Expression	  of	  Mth/Mthl	  genes	  in	  the	  embryo.	  In	  situ	  hybridization	  of	  whole	  mount	  embryos	  with	  sense	  strand	  RNA	  used	  as	  a	  negative	  control.	  Anterior	  is	  to	  the	  left	  and	  dorsal	  up.	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APPENDIX C: 
TABLE C1 
Mutant analysis of mthl5AD5 embryos and rescue phenotypes 
Aorta Pericardial-Cardial Dissociation (PCD) phenotype 
_______________________________________________________________ 
Genotype     N  P1 (%) P2 (%) 
_______________________________________________________________ 
 
pH; mthl5AD5/+    169  6.5  2.4 
 
pH; mthl5AD5/ mthl5AD5   171  70.8  22.8 
 
pH;UASMthl5WT/ Hand-Gal4;   93  10.8  4.3 
mthl5AD5/ mthl5AD5 
_______________________________________________________________ 
N = Total number of embryos 
P1 = Percentage of embryos with pericardial-cardial cell dissociation (PCD) phenotype 
in aorta 
P2 = Percentage of embryos with aorta lumen defects 
 
 
TABLE C2 
Aorta lumen width measurements 
_______________________________________________________________ 
Genotype     Width (µm)  New width 
_______________________________________________________________ 
 
pH;Twist;24B-Gal4/+   2.89   1.00 
pH;Twist;24B-Gal4/UASMthl5WT  7.49   2.59 
pH;Twist;24B-Gal4/UASMthl5HA  2.56   0.99 
pH;Twist;24B-Gal4/UASMthl5DN  2.49   0.86 
pH; mthl5AD5/ mthl5AD5   2.00   0.69   
_______________________________________________________________ 
 
The widltype width is arbitrarily set to 1 and all other width measurements re-calculated 
accordingly as shown above.  
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TABLE C3 
 
 
Heart lumen width measurements 
_______________________________________________________________ 
Genotype     Width (µm)  New width 
_______________________________________________________________ 
 
pH;Twist;24B-Gal4/+   9.58   1.00 
pH;Twist;24B-Gal4/UASMthl5WT  11.15   1.16 
pH;Twist;24B-Gal4/UASMthl5HA  6.90   0.72 
pH;Twist;24B-Gal4/UASMthl5DN  5.78   0.60 
_______________________________________________________________ 
 
The widltype width is arbitrarily set to 1 and all other width measurements re-calculated 
accordingly as shown above.  
 
 
TABLE C4 
Genetic interactions between mthl5AD5 and Gα0-47A 
Aorta Pericardial-Cardial Dissociation (PCD) phenotype 
_______________________________________________________________ 
Genotype       N  P (%) 
_______________________________________________________________ 
 
pH; mthl5AD5/+      177  9.6 
 
pH; mthl5AD5/ mthl5AD5     238  84.0 
 
pH; Gα0-47A/+; mthl5AD5/+    154  46.1 
 
pH; Gα0-47A/+      170  27.1 
 
pH; Gα0-47A/ Gα0-47A     160  61.9 
 
pH; Gα0-47A/ Gα0-47A; mthl5AD5/ mthl5AD5  74  99.6 
______________________________________________________________ 
 
P= Percentage of embryos with a PCD phenotype 
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TABLE C5 
 
 
Lethality Rescue 
_______________________________________________________________ 
Genotype     # adults  P (%) 
_______________________________________________________________ 
 
pH;UASMthl5WT/ Hand-Gal4;   529   66.3   
mthl5AD5/ TM6B-YFP 
 
pH;UASMthl5WT/ Hand-Gal4;   269   33.7 
mthl5AD5/ mthl5AD5 
_______________________________________________________________ 
P= Percentage of eclosed adults with the designated genotype 
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 G protein-coupled receptors (GPCRs) are one of the largest class of 
transmembrane signaling proteins that regulate essential developmental and 
physiological processes in a cell. GPCR success is illustrated by their abundance 
across both invertebrate and vertebrate genomes. Phylogenetic analyses show that 
GPCR families have undergone a lot of gene gain and loss during insect evolution. In 
Drosophila melanogaster, the fifteen Methuselah/Methuselah-like (Mth/Mthl) genes are 
in fact an insect specific family of GPCRs. In our study, we conducted a phylogenetic 
analysis using receptor sequences from five Drosophila species and two related insects, 
including Tribolium and Anopheles to examine the evolution of this gene family. Clearly 
Mthl1, 5, and 14 form their own separate clades.  The remaining Drosophila genes 
along with a single gene in Tribolium form a fourth clade defined by the presence of the 
Mth ectodomain. Expression patterns of the Tribolium gene and all Drosophila paralogs 
were determined by in situ hybridization. The Tribolium Mthl gene is expressed in the 
hindgut and mesodermal crystal cells of the embryo which is divided between 
Drosophila Mthl9 and Mthl10. Mthl10 also evolves other more specific expression 
patterns in both the embryo third instar larvae which is divided between the other Mthl 
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genes. In summary, six genes (Mthl 1, 5, 9, 11, 13 and 14) are expressed in the 
embryo, four (Mthl3, 4, 6 and 8) in the larval CNS and imaginal discs and two (Mthl10 
and Mth) in both embryos and larvae. We further show Mthl5 expression in the cardiac 
mesoderm of stage 11 embryos and later restricted to cardioblast cells of the aorta. 
Loss of mthl5 decreases pericardial-cardial cell association necessary to maintain 
cardiac intergrity.  We show that mthl5 genetically interacts with Goa to increase the 
loss of cell-cell adhesion in the Drosophila aorta. Together these data clearly show the 
expansion of the Mth/Mthl family in insects and the evolution of novel gene functions 
required for organ morphogenesis.   
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